GOVT. COLLEGE, LIBRfiRY 


KOTA (Raj.) 

Students can retain library books only for two 
weeks at the most. 


BORROWER'S 

No. 


DUE DTATE 


SIGNATURE 


'Indian J Pure & Appl Phys, Vo! 24 No 7 pp^. 313-364 

' CODEN ; IJOPAU ISSN V 0019-5396 : 

■ V .,;24(7); ^13-364 . (19^ ; V .'^ ; g 



'ri ’ ■'•-roV 



ry<.. 


kji |if liPrS'Sfi; 


iTJ 


f s» ^ < 5 

■ .,• ■ ' . J-'niilssi'jes ay 

pmucMmim & i!\iFoefiMTiof\i omECToeATE, csib 

.' ■' ' ■; ■ ■ ' ■ •■ ■ hiEW OEIHI ■■ , 

: ^ ’■ 5 r' asf^odsticn 

' T>‘\v^ iijnT?o¥/^V ’Arf'nnrnV rc'sf?.?'rsn^ w? • - ■ 


An Encyclopaedia of Indian Raw Materials and Industrial Products, published in two series: 
■ (l);Mavv'' Materials, and (si) IndusIrial-.P^oducts.; 


RAW MATERIALS 


The articles deal with Animal Products, 
Dyes & Tans, Essential Oils, Fats & Oils, 
Fibres & Pulps, Foods & Fodders, . Drugs, 
Minerals, Spices & Flavourings, and Timbers 
and other Forest products. Names in Indian 
languages, and trade names are provided. 

For important crops, their origin, distri- 
I bution, evolution of cultivated types, and 
methods of cultivation, harvesting and storage 
are mentioned in detail. Data regarding area I 
and yield and import and export are provided, i 
Regarding minerals, their occurrence and 
p distribution in the country and modes ^ of 
^ exploitation and utilization are given. The 
j articles are well illustrated. Adequate literature 
I references are provided. , 

Eleven volumes of the series covering letters 
A— Z have been published. 

Vol. I{A-B) Rs, 80.00; Vol. II (C) Rs. 95.00; Vol. Ill (D-E) 
Rs. 1 05.00; Vol. IV fF-G) Rs. 65.00: Vol. IV: SudoI. Fish & 
Fisheries Rs. 56.(H); Vol. V(H-K) Rs. 114.00; Vol. VI (L- 
M) Rs. 90.0a Vol., VI; Suppl. Livestock Rs. 102.00; Vol. 
Vil (N-Pc) Rs. 100.00; Vol. VII (Ph-Re) Rs. 86.00; Vol. IX . 
i (Rh-So) Rs. 104.00; Vol. X (Sp-W) Rs. 225.00; Voi. XI (X- 
” Z)Rs. 115.00. 


INDUSTRIAL.PRODUCTS . . ' ' ' - , ' : 

Includes articles giving a comprehensive 
account of various large, medium and small 
scale industries. Some of the major industries 
included are: Acids, Carriages, Die^I Engines', 
Fertilizers, Insecticides & Pesticides, Iron & 
Steel, Paints & yarnishes. Petroleum Refining, 
Pharmaceuticals, Plastics, Ship Boat- 
building, Rubber, Silk, etc. ' 

The articles include an account of the raw 
materials and their availability, manufacturing 
processes, and uses of products^ and industrial 
potentialities. Specifications of raw materials 
as weii as finished products and statistical data 
regarding production, demand, exports, 
imports, prices, etc., are provided. The articles 
are suitably illustrated. References to the 
sources of information are provided. 

Nine Volumes of the series covering letters A 
—Z have been published. 

Pari 1 (A-B) Rs. 58:00; Part II (C) Rs. 74.00; PaftJII (D-t) 
Rs.IOO.OO-.Part IV(F-H) Rs‘.126.0O,Part V(I-L)Rs;9p.0<^ 
Part VI (M-Pi) Rs. 28.00; P^ VII (Pl-Sh) Rs. 60m Part 
VIII (Si-Ti) Rs. 66.00; Part IX (To-Z) Rs. 80.00. 


. HINDI EDITION; BHARAT KI SAMPADA—PRAKRITIK.PA0ARTH ,- 


I \ Vols. I to VII and two supplements or Wealth of India— Raw , 

i : Materials series in Hindi already published. J 

i Published Volumes: Supp/emehts: 

i vol. l (sr-aft) Rs. 38;Vol. n (Y)Rs..36:Vol.IlI pj , . Fisheries CMatsva & Matsvaki) Rs 49^ 

i Rs.36;Vol,lV(<T)R.s.S3:Vol.'v Rs.60;Vol.Vl risn 6L Msnenes tiviatsya MaisyaKj; rs. 4^; 

3 Rs. 80.. Vol. VII (t-35T) Rs. 135 Lwcrsiock (Pashudkan aur KukkiU .Palan) Ri. ^ 

I Vols. VIJI to XI under publication. 

I . Please contact : , 


SALES AND DISTRIBUTION OFFICER 
; PUBLICATIONS & INFORMATION DIRECTORATE/'CSIR^ 
Hillside Road, New Delhi nOO! 2 


Indian Journal of Pure & Applied Physics 


EDITORIAL BOARD 

Prof. S. Chandrasekhar 
Raman Research Institute 
Bangalore 


Prof. S P Pandya 

Physical Research Laboratory 

Ahmedabad 


Prof. R V Gopala Rao 
Jadavpur University 
Calcutta 


Dr K R Rao 

Bhabha Atomic Research Centre 
Bombay 


Prof. S K Joshi 

Indian National Science Academy 
New Delhi/Roorkee University 
Roorkee 


Prof. D K Rai 

Banaras Hindu University 

Varanasi 


Prof. P Krishna ‘ 

Indian National Science Academy, 
New Delhi/ Banaras Hindu University 
Varanasi 


Prof. B V Sreekantan 

Tata Institute of Fundamental Research 

Bombay 


Prof Kehar Singh 

Indian Institute of Technology 

New Delhi 

Prof C L Mehta 

Indian Institute of Technology 

New Delhi 


Prof. R Srinivasan 
University of Madras 
Madras 

Prof. Suresh Chandra 
Banaras Hindu University 
Varanasi 


Shri S P Ambasta, Editor-in-Chief (Ex-officio) 


EDITORIAL STAFF 
Editors 

D S Sastry & K S Rangarajan 
Assistant Editors 

J B Dhawan, Tarun Baneq’ee & (Mrs) Poonam Bhatt 


Published by the Publications & Infonnation Directorate, CSIR. Hillside Road. New Delhi 110012 

Editor-in-Chief: S P Ambasta 

The Indian Journal of Pure & Applied Physics is issued monthly. The Directorate assumes no responsibility for 
the statements and opinions advanced by contributors. The editorial staff in its work of examining papers received 
for publication is assisted, in an honorary capacity, by a large number of distinguished scientists, working in various 
parts of India. 

Communications regarding contributions for publication in the journal should be addressed to the Editor, 
Indian Journal of Pure & Applied Physics, Publications & Information Directorate, Hillside Road, New Delhi 
110012. 

Correspondence regarding subscriptions and advertisements should be addressed to the Sales Distribution Officer. 
Publications & Information Directorate, Hillside Road, New Delhi 110012. 

Annual Subscription Single Copy 

Rs. 180.00 £ 34.00 S 60.00 Rs. 18.00 £ 3.40 S 6.00 

50% Discount is admissible to research workers and students and 25% discount to non-research individuals, on 
annual subscription. Payments in respect of subscriptions and advertisements may be sent by cheque, bank draft, 
money order or postal order marked payable only to Publications & Information Directorate, New Delhi 110012. 
Claims for missing numbers of the journal will be allowed only if received within 3 months of the date of issue of the 
journal plus the time normally required for postal delivery of the journal and the claim. 

© 1986 The Council of Scientific & Industrial Research, New Delhi, 




Announcement 


National Seminar on Crystallography 

(Jammu 7-9 October 1986) 

The 18th National Seminar on Crystallography is being organized by the 
Department of Physics, University of Jammu, Jammu, during 7-9 Oct 1986. The 
registration fee is Rs 25/- for research scholars and students, and Rs 50/- for others. 
, Abstracts neatly typed on bond papers (using a black ribbon) within a space of 12 
X 16 cm should be submitted in duplicate to the secretaries and one more copy of the 
abstract should be sent direct to the concerned Programme Committee member. 

Further details can be had from : 

The Secretaries, XVIII National Seminar on Crystallography 

Department of Physics, University of Jammu Canal Road, Jammu 180001 



Indian Journal of Pure & Applied Physics 

VOLUME 24 NUMBER 7 JULY 1986 

CONTENTS 

General Physics 

Profile of Vapour Layer on a Liquid Surface — Mathematical Model 344 

J Ashok & C V N Vasantha Lakshmi 

Nuclear Physics 

Annealing of Heavy Ion Tracks in Plastic Track Detectors 313 

S M Farid 

Photon Attenuation Measurements in Soil Samples of Different Particle Sizes 346 

G S Mudahar & H S Sahota* 

Atomic & Molecular Physics 

Application of CNDO/S-RPA Method: Electronic Transition Energies & Oscillator Strengths 348 
Rana Sen & Subirnath Bhattacharyya* 

Classical Areas of Phenomenology (Including Applications) 

A Stable Laser Interferometer for Recording Holographic Gratings 320 

R P Shukla 

Ultrasonic Studies of Ternary System: Water + 2-Propanol + Nitromethane at Miscibility 

Point 353 

T John Paulus, K Krishnamoorthy & P B Mathur* 

Condensed Matter ; Structure, Mechanical & Thermal Properties 

Mean Square Amplitudes of Vibration & Associated Debye Temperatures of Dysprosium, 

Gadolinium, Lutetium & Yttrium 324 

N Gopi Krishna, D B Sirdeshmukh*, B Rama Rao, B J Beaudry & K A Gschneidner (Jr) 

Nearest Cation-Anion Distance in Fused Salts 327 

Asim R Purkait & Dilip K Majumdar* 

Elastic Constants of Some Polycrystalline Antimony Alloys 331 

N Swarnalata* & A R K L Padmini 

Akhieser Damping in KCN 336 

S K Kor* & Raja Ram Yadav 

Condensed Matter : Electronic Structure, Electrical, Magnetic & Optical Properties 

Indirect Tunnelling Current Density Based on a Rigorous Quantum Mechanical Treatment 339 
D K Roy* & Amitabh Ghosh 

ESR Studies of Ternary Complexes of Copper(Il) with Acetylacetone & Substituted 

8-Hydroxyquinolines 355 

Y Anjaneyulu*, V G K M Pisipati, N V S Rao, L N Murthy & R Prabhakara Rao 


Continued overleaf 



CONTENTS 


ESR Hyperfine Line Width Studies of Some Aliphatic Polyamine Copper(II) Compounds 358 
V Muralikrishna, N V S Rao*, V G K M Pisipati 

Drift Mobilities in Phenazine: A Candidate Material for Organic Photovoltaic Systems . . . 362 

B Kumar 

Surface Charge Density & Dielectric Constant of a Magneto -Electret of Carnauba Wax as a 

Function of Time 364 

K D Ray Chaudhuri, H De «&. S D Chatteijee* 


*The author for correspondence is indicated by (*) mark, in case of papers with more than one author. 



Indian Journal of Pure & Applied Physics 
Vol. 24, July 1986, pp. 313-319 


Annealing of Heavy Ion Tracks in Plastic Track Detectors 

S M FARID 

Department of Physics, Rajshahi University, Rajshahi, Bangladesh 
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Three samples of plastic track detectors, viz. CR-39, cellulose nitrate CCN(R)] and Makrofol-E polycarbonate (PQ have 
been irradiated with different ions from the cyclotron at the Joint Institute for Nuclear Research, Dubna, USSR, in order to 
study the thermal effects on the latent tracks of these ions. The bulk etch rates of CR-39 and CN(R) are found to increase with 
annealing temperature while that of PC does not change with annealing temperature. The track diameters of different ions in 
CN(R) and PC decrease with the increase in annealing time and temperature. The experimental results show that for heavier 
ions higher temperatures are needed for complete erasure of tracks. It is also observed that the track density and etchable range 
of different ions decrease by the application of heat. The oblique tracks are less stable than the vertical tracks. It is found that it 
will be possible in the case of PC detectors, to separate out tracks of different ions by a process of controlled annealing. The 
track diameters of ‘iC ions in CR-39 are found to increase with annealing temperature. The sensitivity of CR-39 plastic 


detector is enhanced as a result of thermal annealing. 

1 Introduction 

Solid state nuclear track detectors (SSNTDs) have 
been extensively studied in recent years both with 
regard to their practical applications in diverse fields 
such as nuclear, physics, earth and space physics, 
biology, dosimetry, etc. and as a tool-for studies of basic 
phenomenal One of the important properties which 
should be properly taken into account during the 
applications of SSNTDs is the thermal fading of latent 
damages^ It may be required in some experiments 
to operate the detectors at a temperature higher than 
the normal room temperature. The subjection of 
SSNTD to high temperatures after irradiation but 
before etching, produces alterations in the damaged 
region which result in latent track shrinkage and an 
accompanying reduction of etching velocity along the 
track^~’. Thus, for accurate track analysis, proper 
temperature-dependent corrections to the efficiency 
factor must be applied. This paper reports the results 
of our study on the influence of different annealing 
conditions on the bulk etch rate, etchpil diameter, 
etchable track length and etching efficiency of plastic 
detectors. 

2 Experimental Procedure 
The investigations were performed on three types of 
plastics having different track registration sensitivities. 
The plastic materials used in the detectors were of 
Makrofol“E polycarbonate (PC), cellulose nitrate 
[CN(R)] obtained from Joint Institute for Nuclear 
Research (J IN R), Dubna, USSR and CR-39 obtained 
from M/s Pershore Mouldings Ltd, England. The 
samples were exposed simultaneously under' identical 
experimental conditions to different ions of different 
energies (Table 1) using cyclotron beams at JINR, 


Dubna, USSR. The angles of exposure were 90°, 45° 
and 30° with respect to the surface of the detector. 

The exposed samples were divided into a large 
number of lots and annealed in an oven (temperature 
range : from room temperature to 500°C and 
controlled within ±3°Q. The annealed samples of 
CR-39 and PC were etched in 6VNaOH at 70°C while 
CN(R) samples were etched in 6N NaOH at 60°C. 

3 Results and Discussion 

3.1 Effect of Annealing Temperature on the Bulk Etch Rate 

Applying the etching conditions mentioned above, 
the bulk etching properties of the CN(R)and PC sheets 
were first studied. The results of these investigations 
are shown in Fig. 1 where the thickness of the layers 
removed from the individual sheets is shown as a 
function of etching time for plastics kept at various 
annealing temperatures. The data about the removed 
layers of the sheets were obtained through direct 
thickness measurements using a microthickness gauge 
having a least count —0.5 fim. The accuracy of 


Table 1 — Plastic Detectors and Ions Used in Annealing 
Experiments 


Detector , 

Ion and energy 

Angle of 

material 

(in MeV/N) 

exposure w.r.f. 



detector 

surface 

Makrofol-E 

‘liXe, 1.1 

90° and 45° 

Polycarbonate 

t?Ar,7.5; 

90° and 30° 

(PQ 

'iO, 9.10 

. ,90° and 30° 


jHe, 1.75 , 

90° 

CN(R) 

fgNe, 10.00 

90° and 30° 


‘|0, 8.75 

30° 

CR-39 

'IC, 9.1 

90° 
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Fig, 1 — Thickness of removed layer versus etching time curves for 
CN(R) and PC, annealed at various temperatures 


measurements is quite high and hence there was no 
need to give error bars in the curves of Figs 1-14. 

It can be observed that above 100°C the bulk etch 
rate of CN(R) sheet increases rapidly indicating the 
ever-growing degree of thermal degradation. Above 
140°C, the mechanical properties strongly deteriorate, 
the sheet becomes glassy and brittle, and the 
measurement of the removed layer becomes 
unreliable. 

With a PC sheet, no change is observed in the bulk 
etch rate even at 190°C and the sheets are satisfactorily 
elastic. However, lasting deformations are observed 
above 175°C. 

3.2 Effect of Annealing Temperatme on Track Diameter 

Samples of PC exposed vertically to * 54 X 0 ions were 
annealed at various temperatures for 10 min. This 
value of annealing time has been recommended by 
Khan and Durrani^ for a polycarbonate plastic 
detector. After annealing, the samples are etched in 6N 
NaOH at 70°C. The etchpit diameters were measured 
as a function of the removed layer. The results are 
shown in Fig. 2. The etchpit diameter decreases with 
increase in annealing temperature. Complete 
eradication of ”tXe ion tracks in PC is achieved by 
annealing the samples at I95°C for 10 min. 

Investigations similar to those relating to ^f|Xe ion 
were made on jHe, ^lO and ^gAr ions also using PC 



Fig. 2 — Rclaiionship between track diameter and thickness of removed bycr for ijiXe ion tracks in PC annealed for 10 min at different 

temperatures 
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samples and a similar trend in diameter reduction with 
annealing temperature was observed. We conclude 
that complete thermal eradication of iHe, and 
igAr ion tracks in PC samples requires annealing at 
165°C, 175°C and 190°C respectively for 10 min 
duration. CN(R.) sheets exposed vertically to ?SNe 
ions were annealed for 10 min at different 
temperatures. The effect of annealing temperature on 
loNe ion tracks in CN(R) is shown in Fig. 3. For 
complete thermal eradication of loNe ion tracks, an 
annealing period of 10 min had been applied at 130°C. 

The relationships between track diameter and 
annealing temperature for ^IJXe-ion and joNe ion are 
also shown in Figs 2 and 3 (insets). The track diameters 
were measured after removing a 10 ^im thick surface 
layer from the individual detectors. Curves of track 
diameter vs annealing temperature plotted for PC 
samples showed a similar trend. It can be concluded 



Fig. 3 — Relationship between track diameter and thickness of 
removed layer for foNe ion tracks in CN(R) annealed for 10 min at 
different temperatures 


that for heavier ions higher temperatures of annealing 
are needed for their complete erasing. The heavier ions 
impart more energy on the saihples and hence damage 
is more. As a result, higher temperature of annealing 
(i.e. higher thermal energy) is needed to cure the latent 
damage in the detectors. 

3.3 Effect of Annealing Time on Track Diameter 

Fig. 4 shows the effect of annealing time on the 
etchpit diameters of ^flXe ions in PC samples entering 
at right angles. A 10 /un thick surface layer was 
removed from the individual detector before 
measurement. The annealing temperature was 150°C. 
The investigations were repeated using ^He, and 

PC 



Annealing time^br 


Fig, 5 — Relationship between track diameter and annealing time for 
different ions in PC detector annealed at 150°C and 165°C 



Fig. 4 — Relationship between track diameter and annealing lime for 
‘jiXe ions in PC annealed at ISOX 
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18 Ar ions and the results are shown in Fig. 5. The efTect 
of annealing time on track diameter of loNe ion tracks 
in CN(R) is shown in Fig. 6. The annealing 
temperature was 120°C. The removed layer from each 
detector surface in this case was 15 pm. It can be 
observed that all these curves consist of two regions, an 
initial region of steep fall followed by a long region of 
slow fall. It is apparent from Figs 4-6 that eradication 
of radiation tracks produced by different charged 
particles is done in two phases. In the first phase, a 
short annealing at a given temperature heals a major 
portion of the damage. In the second phase, healing is 
continued slowly at long durations of annealing time. 
Beyond a certain limit, no considerable change is 
brought about even by a significant extension of 
annealing time. At a higher temperature of annealing 
(165°C for tsAr ion in Fig. 5), the slowly falling 
component of the curve starts early. Measurements 
made at other annealing temperatures and by use of 
different ions revealed a similar trend for the plastics 
used. 


3.4 Selective Thermal Track Eradication 

From the measurements presented in Fig. 2 and 
from similar cuives for different ions (not shown), we 
can establish the range of annealing temperature over 
which complete fading of tracks caused by feebly and 
highly ionizing nuclear particles takes place. If the 
width of this range is large enough, by following a 
procedure of controlled heat treatment, it will be 
possible to separate out tracks of different particles 
and identify them. To illustrate this, we have evaluated 
from the initial slopes S of the curves showing the 
increase of track diameters with thickness of removed 
layer (Fig. 2 and similar curves) and the ratio of track 
and bulk etch rates (y=K/f^b)- The following 
relation^ is used to calculate V: 

1+0.255^ 

“ 1 -0.255'=' 


CM R ) 

Ann.tCfnasi20*C 
Aon.trnestOrvn 
fitmcved totals JUfr 
6 N^« 0 M, 60 t * 





*=0 5 J ' 3 “ t 

Fig. 6 —Relationship between trad, diameter and annealing time for 
J2 Nc ion in CS’(R) annealed at I20'C 



Fig. 7 — Etch rate ratio (F= Fi/F^) as a function of annealing 
temperature for different ions in PC detector 



Fig. 8 — Etch rate ratio (F= VJV^ as a function of annealing 
temperature for JoNe ion in CN(R) detector 


Then this etch rate ratio (F) is plotted apinst 
annealing temperature as shown in Fig. 7. A similar 
curve for toNe ion in CN(R) is shown in Fig. 8. From 
Fig. 7 it is obvious that the range of annealing 
temperatures over which complete thermal eradication 
of 2 He and 'f^Xe ion tracks in PC is possible, extends 
over 30°C. Thus it is evident that it will be possible to 
eradicate selectively ion tracks in PC by choosing an 
appropriate annealing temperature. The applications 
of selective thermal track eradication have been 
studied by Somogyi^ for different practical cases. 

3.5 Effccl of Temperature on Diameter Distribution 

PC samples exposed vertically to 'liXe ions were 
anncalcd'for 10 min at 150°C. The areas of annealed 
and unannealed samples were determined precisely to 
obtain the track density. The annealed and unannealed 
samples were etched simultaneously in 6A^ NaOH at 
70'"C. Fig. 9 shows the diameter distributions of * j.?Xc 
ion tracks in PC. Studies were made after removing a 
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ilfim thick layer from the surface of the individual 
detectors. The experiments reveal that as a result of 
annealing, etching velocity is lowered in the damage 
trail. Hence, one expects not only the track density to 
be reduced, but also the diameters of the etched ^sJXe 
ion tracks to be diminished. The annealing 
experiments conducted on the detectors exposed to 
different ions confirm the above deductions^. 

3.6 Effect of Temperature on Maximum Etchable Track Length 

The detector sample exposed to a particular ion at 
an angle of 30° was cut into small pieces. They were 
then annealed for 10 min at different temperatures. 
The annealed samples were etched until the tips of the 
tracks became round. The maximum etched track 
lengths were determined following the procedure of 
Benton^^. The effect of annealing temperature on the 
maximum etchable lengths (i.e. range) of different ions 
in the plastic detectors is shown in Figs 10 and 11. 
From these curves it can be seen that the track lengths 
are, in general, decreased by the application of heat. 
Again, it is noted that the thermal stabilities of tracks 
of different ions are different. Thus, the process of 
discrimination of ion tracks by following different 
annealing procedures will help in particle identifi- 
cation and background eradication. From a 
comparison of the curves in Figs 10 and 1 1 with those 
in Figs 2 and 3 and similar curves (not shown) it is 
evident that oblique tracks are less stable than vertical 
tracks. 



Fig. 9 — Diameter distribution of unanncalcd and annealed ‘“Xc 
ion tracks in PC detector 



Q I r 1 1_ 

0 '50 too ^ ISO 

Annealing temperature , C 


Fig. 10 — Variation of maximum etchable track length (i.e. range) 
with annealing temperature for different ions in PC detector 



Fig. 1 1 — Variation of maximum etchable track length of JoNe and 
’bO ions in CN(R) with annealing temperature 


3.7 Effect of Annealing Temperature on 
Bulk Etch Rate of CR-39 

Unexposed samples of CR-39 detector were 
annealed at different temperatures for. 10 min. The 
sampels were then etched simultaneously in 6N NaOH 
at 70°G. The effect of heat treatment on bulk etch rate 
of CR-39 plastic is presented in Fig. 12 which shows 
the thickness of removed layer from a single surface of 
the detector as a function of etching time for the 
unannealed sample as well as for the samples annealed 
at 80, 100, 130 and 140°C. The samples annealed at 
150°C and above, on etching for 1 hr, reveal that the 
plastic gets degraded to a large extent and shows a net- 
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Fig. 12 — Thickness of removed layer versus etching time curves for 
CR-39 annealed at different temperatures for 10 min 



Fig. 13 — Relationship between track diameter and etching time for 
‘^C ion tracks in CR-39 annealed for 10 min at different 
temperatures 


like structure in its bulk, indicating that it has become 
useless from the point of view of track detection. It is 
observed from Fig. 12 that the bulk etch rate increases 
progressively with annealing temperature between 
80°C and 140°C. This kind of effect may be due to 
evergrowing degree of thermal degradation of this 
thermoset plastic. In other words, we can say that the 
increased etchabilily of this plastic is due to the 
generation of free radicals and broken bonds in its 
bulk, resulting from heating (pyrolysis)*^ 

3.8 ElTect of Tcmpcraluro on Track Diamrter 

The effect of heat treatment on latent tracks of ‘JC 
ions in CR-39 plastic is shown in Fig. 13 where the 
track diameter is plotted as a function of etching lime. 
It is .seen that the diameter of the annealed tracks is 



Fig. 14 — Variation of the ratio of the diameters of ‘|C ion tracks for 
the annealed and unannealed samples of CR-39 detector with 
etching time 


greater than that of unannealed tracks. The ratio of the 
diameters for the annealed and unannealed tracks as a 
function of etching time is plotted in Fig. 14. This ratio 
increases gradually with annealing temperature and 
varies with etching time for samples annealed above 
80°C. 

3.9 Effect of Temperature on Etching Efficiency 

The etching efficiency has been de- 

termined^’ by counting the total number of tracks 
revealed in the annealed and unannealed samples 
which are irradiated in 27r-geometry with a nia 
source. The track etching efficiency of CR-39 plastic is 
observed to increase as a result of annealing and the 
maximum observable effect is seen at 140°C. At this 
temperature, there is an enhancement of 15% in the 
etching efficiency. 

Thus, it appears to be established beyond doubt that 
the sensitivity of CR-39 plastic detector is enhanced as 
a result of thermal annealing. Since the heating of a 
polymer may generate free radicals and broken 
bonds'^ which in fact are considered to be 
responsible for increased etchability of the latent track 
regions, it is plausible to attribute the enhanced 
sensitivity of heated CR-39 plastic to this basic 
phenomenon. 
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A stable laser interferometer is described for recording holographic gratings. The fringes in the interferometer are found to 
be very stable and, therefore, it is possible to tolerate longer exposure for recording the grating. It is not necessary to use 
sp)ecially designed massive vibration isolation table for setting up this interferometer. The interferometer may be considered as 
a modification of the Jamin interferometer which is well known for its stability. The set-up was used for recording the fringes of 
frequency 1200 lines/mm and 2160 lines/mm. The maximum efficiency of the gratings of frequency 1200 lines/mm recorded on 
Agfa lO-E-75 plates was achieved to be 25%. 


1 Introduction 

The conventional^ set-up for recording holographic 
grating is shown in Fig. 1. Since the beam splitter, 
microscope objectives, lenses and plane mirrors are 
mounted separately, all of them must be mounted on a 
single massive vibrationless platform in order to keep 
the fringes free from vibration. Another optical 
arrangement was described by Yoshida et a].^ to 
record the interference fringes. A simple method of 
producing a holographic grating using a single wedged 
plate was described by Murty and Shukla^ but it is not 
possible to obtain a fringe pattern of frequency greater 
than about 900 lines/mm in this set-up due to technical 
difficulty of mounting the photographic plate very 
close to the wedged plate. In the present paper we have 
described a method for producing a grating of high 
frequency which has the advantages that (i) the effect of 
vibration on the fringes is very much reduced, i.e. the 
fringes are found to be very stable and it is not 
necessary to use a specially designed massive vibration 
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Fig. I— Conventional set-up for obtaining interference fringes of 
high frequency 


isolation table for recording the fringes; and (iQ it is 
possible to tolerate longer exposure. ■ 

2 Interferometer and Experimental Details 

A schematic arrangement for making a holographic 
grating using the method modified by us is shown in 
Fig. 2. Laser light is focussed on the focal point of a 
well -corrected lens by means of a microscope objective 
in order to obtain a collimated beam of light. A spatial 
filter is placed at the focus of the collimating lens. The 
collimation of the beam is checked by the Murty 
interferometer. The collimated beam of light is 
incident on a cube type of beam splitter at an angle of 
incidence of 45°. The partially reflected beam is made 
incident on a plane mirror at an angle of incidence of 
45°. Consequently, the reflected beam from the plane 
mirror emerges parallel to the directly transmitted 
beam from the beam splitter. The beam splitter and 
plane mirror M j are held rigidly with respect to each 
other with a special spacer. The spacer^ is made from a 
glass tube of square cross-section. One end of the glass 
tube is cut at an angle of 45°. The other end is cut at 
angle of 90°. Both the ends are ground and the angles 



Fig. 2 — Schematic diagram ol a stable laser interferometer for 
obtaining interference fringes of high frequency 
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are corrected. The isometric view of a pair of beam 
splitter and plane mirror held with spacer is shown in 
Fig. 3. The system as a whole becomes equivalent to 
one thick Jamin plate whose frorit and rear surfaces are 
separated partly by air and partly by glass. The 
reflected and transmitted beams obtained by this 
assembly , are superimposed on a photographic plate 
after reflections from the plane mirrors Mj and M3. 
The interference fringes are recorded on. the 
photographic plate and the fringe frequency (v) is 
determined by the following relation : 

2 sin(Bcos0 /IX 

" — I — 

where 2(p is the angle between the two interfering 
beams, 0 the angle between the bisector of the beams 
and normal to the recording plate and A the wavelength 
of light. 

In order to make the fringes stable, the plane mirror 
M2 and the plane mirror M3 are held rigidly with 
respect to each other with a special spacer. This spacer 
is also made from a glass tube of rectangular cross- 
section. Both the ends of the tube are cut at an angle a 
and the angles are corrected by the grinding process. 
The isometric view of the two mirrors M2 and M3 held 

SPACER BEAM SPLITTER 



PLANE MIRROR 
M, 

Fig. 3— Isometric view of the beam splitter and plane mirror held 
with a spacer 
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Fig. 4— Isometric view of the plane mirrors M, and M 3 held with a 
prism type of spacer 


with spacer is shown in Fig. 4. The system as a whole 
becomes equivalent to an air prism whose angles are a, 
a and p. The relation between the prism angle (a) and 
the angle between the interfering beams (Icp) is given by 

(p—2a • • • ( 2 ) 

Using Eq. (1) and Eq. (2) the prism angle can be 
calculated for the required frequency of the grating. 
Air prisms with the angle a being 11.157° and 21.555° 
were fabricated for making gratings of frequency 1200 
lines/mm and 2160 lines/mm respectively. The 
interferometer was set up with such modified 
assemblies shown in Fig. 3 and Fig. 4. 

In order to test the stability of the fringes, a low 
power He-Ne laser of power about 0.5 mW was 
used for making a grating. Exposure of the order of 5 
min was given for recording the fringes on Agfa 10-E- 
75 plates. Another grating was made by using a He-Ne 
laser of power about 3 mW and giving an exposure of 
Is. The maximum efficiency of the bleached*’^ 
holographic grating of frequency 1200 lines/mm was 
measured to be 10%. The efficiencies of the gratings 
made by the short and long exposures were compared. 
No change in the efficiency was noticed. This shows 
that the fringes remain stationary during the longer 
period of exposure. The stability of the fringes was also 
checked by observing the Moire fringes. These fringes 
were obtained by placing the grating of frequency 1200 
lines/mm at the recording plane where the fringes of 
frequency 1200 lines/mm were formed due to .the 
superposition of the two beams. The Moire' fringes 
remained stationary during the period of observation. 
Hence, it is not necessary to'set up the interferometer 
on a specially designed massive and expensive 
vibration isolation table. The efficiency of the gratings 
produced in this set-up can be increased by the use of a 
laser with a narrow band width and Kodak 120-02 
plates as shown by Graube’. Because of non- 
availability of above mentioned materials with us we 
could not repeat Graube’s experiments. 

This set-up may be useful for recording the fringes of 
high frequency where the vibrations become much 
more important for recording the fringes. Longer 
exposures are required for recording the fringes on 
photoresist using Ar laser due to low sensitivity of the 
photoresist. Hence the set-up may find application for 
making reflection gratings which are made on the 
photoresist® 

3 Alternative Optical Arrangements 

However, Murty*^ pointed out that the set-up 
shown in Fig. 2 has an inherent large optical path 
differehce built into it. Therefore, a laser with a narrow 
band width has to be used for recording. Due to the 
large path difference there may be a frequency- 
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dependent fringe shift at the recording plane. If the 
wavefronts are not truly plane, the path difference will 
cause a mismatch between their shapes at the recording 
plane. Then the fringes will not be straight. Hence it is 
better to arrange the scheme in such a way that the 
optical path difference is zero at the middle of the 
recording plate. Such an arrangement is shown 
schematically in Fig. 5. Additional plane mirrors M 4 
and Ms are introduced in the set-up of Fig. 2 in order 
to make the optical path difference zero at the 
recording plate. For achieving the stability of the 
fringes, the plane mirrors M 4 and M 5 are held rigidly 
with respect to a special spacer. The plane mirror 
assembly is then kept in contact with the beam splitter 
so that it becomes an integral part of it. The separation 
of the plane mirrors M 4 and M 5 can be calculated by 
knowing the distance of the recording plane from the 
beam splitting surface via the Mj, M 2 path. The 
separation between the plane mirrors M j and the beam 
splitter is chosen according to the required separation 
of the interfering beams. The accuracy of the plane 
mirrors and the beam splitting surface needed for the 
set-up is very high. 

Another optical arrangement for making holog- 
raphic grating is shown schematically in Fig. 6 . The 
positions of the plane mirrors M j and M 3 are chosen in 
such a way that the optical path difference is zero at the 
recording plate. The beam splitter and the plane mirror 
M 1 are held rigidly with respect to each other with a 
special spacer. Similarly, plane mirrors M 2 and M 3 are 
fixed rigidly on the ends of the spacer by a mechanical 
clamp in order to make a stable optical arrangement. 
This plane mirror assembly is then fixed at the exit face 
of the beam splitter. An interferometer based on the 
optical arrangement of Fig. 6 was set up for recording 
the grating of frequency 1200 lines/mm. The maximum 
efficiency of the gratings recorded in this set-up was 
measured to be 25% whereas the maximum efficiency 
of the gratings recorded in the set-up of Fig. 2 was 10%. 

PLANE UmBW 



Fig. 5 — Schematic optical arrangement for obtaining interference 
fringes of high frequency [The optical path difference between the 
two beams is nearly zero in this set-up.] 



Fig. 6 — Alternative optical arrangement for obtaining interference 
fringes of high frequency [The optical path difference between the 
two beams is nearly zero at the middle of the recording plate.] 


This drop in efficiency may be due to large optical path 
difference which reduces the contrast of the fringes in 
the interferometer of Fig. 2. Hence the optical 
arrangerhent of Fig. 6 is superior to that of Fig. 2. 

In Fig. 6 , one of the beams becomes parallel to the 
plane mirror Mj for the case cp = 45 ° and hence this 
beam will not be obstructed by the plane mirror M 2 
before reaching the recording plate. Therefore, a limit 
can be set on the maximum value of (p which can be 
obtained in the set-up. Such a limit on (p is about 45° 
which corresponds to a fringe frequency of about 2900 
lines/mm using a wavelength of 4880 A. The set-up 
shown in Fig. 6 is useful for making the gratings of 
frequency up to 2900 lines/mm. It should be kept in 
mind that only one frequency can be recorded for one 
set of spacers. It will be necessary to make a separate 
set of spacers for the gratings of a different frequency. 
This is a disadvantage of using spacers as compared to 
the conventional optical arrangement of Fig. 1 where 
gratings of any desired frequency can be obtained by 
changing the angular orientation of the mirrors. As far 
as the stability is concerned, the optical arrangements 
described above are superior to the conventional 
optical arrangement shown in Fig. 1 . 

Among the three optical arrangements shown in 
Fig. 2, Fig. 5 and Fig. 6 , the arrangement of Fig. 6 is the 
best, as it requires the minimum number of optical 
components for setting up the interferometer, and also 
the optical path difference between the two beams can 
be made nearly zero at the middle of the recording 
plate. 
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The directional mean square amplitudes of vibration and associated Debye temperatures of hexagonal dysprosium, 
gadolinium, lutetium and yttrium have been obtained from X-ray intensities. The integrated intensities have been measured 
with a Philips PW 1051 powder diffractometer fitted with a proportional counter using CuAT, radiation at room temperature 
and have been corrected for thermal diffuse scattering. The experimental values of directional Debye temperature have been 
compared with corresponding values obtained Jrom theoretical calculations. Values of energy of vacancy formation for the 


metals studied have been estimated using a relation connecting 
Chem Solids {GB), 28 (1967) 2061]. 

1 Introduction 

There is meagre work on the X-ray determination of 
Debye temperatures of rare earth metals, Holmium*, 
erbium^ and ytterbium^ appear to be the only rare 
earth metals to have been studied so far. Of these, 
holmium and erbium have the hep structure. Recently 
Singh and Varshni'’^ made theoretical calculation of ‘X- 
ray Debye temperatures’ of hexagonal crystals 
including some rare earth metals using elastic constant 
data; average as well as directional Debye 
temperatures were calculated. They made a 
comparison of their calculated results with some 
available experimental results. In the case of rare earth 
metals, they could compare their theoretical results 
with experimental values only in the case of holmium 
as experimental results were not available for any other 
hep rare earth metal. The results of an X-ray study of 
dysprosium, gadolinium, lutetium and yttrium are 
being reported here. Mean square amplitudes of 
vibration have been determined from the intensities. 
From these, average and directional Debye 
temperatures have been obtained and these are 
compared with values obtained from' other methods. 

2 Experimental Procedure 
The metal samples used in this study were prepared 
at the Ames Laboratory, Iowa State University. These 
samples were prepared by the metallothcrmic 

• Project operated for the US Department of Energy by Iowa State 
University under contract No. W-7405-ENG-82. This work was 
supported by the office of Basic Energy Sciences. 


it with the Debye temperature given by HR Clyde [J Phys & 

reduction of RF 3 (R = rare earth metal) with Ca 
followed by distillation. Chemical analysis given in 
Table I indicates that the metals were highly pure. The 
non-metallic impurities H, O and N were found to be 
present at a concentration (ppm atomic) of 800, 300, 3, 
respectively for dysprosium; 600, 350 and 45 for 
gadolinium; 1350, 1850 and 75 for lutetium and 700, 
830 and 25 for yttrium. The metallic impurities found 
to be present with a concentration more than 5 ppm are 
reported in Table 1. 

X-ray measurements were made with a Philips PW 
1051 diffractometer fitted with a proportional counter 
using CuX, radiation. The X-ray tube was operated at 
.36 kV and 15 mA. A 1° divergent slit was used for 20 
< 80° and 4° slit for 20 > 80°. All measurements were 
made at room temperature. The intensities were 
recorded on a strip-chart recorder. Integrated 
intensities were obtained from the area under a Bragg 
peak after subtracting the background. 

The metal samples were available in the form of 
discs. Initially measurements were made on the discs in 
the as-received Condition. A preliminary analysis of 
the intensity data revealed the presence of preferred 
orientation. As such, the data were discarded. Fine 
fillings were obtained from the discs with the help of a 
jeweller’s file. The filing was carried out slowly. In all 
cases, the first crop of filings from the surface of the 
discs was rejected and filings from the freshly revealed 
surface were employed. The filings were passed 
through a 325 mesh screen. Preferred orientation 
effects and extinction effects are minimised when the 
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filings are thus prepared^. The filing process, however, 
introduces two potential sources of error, which are 
discussed in Sec. 4. 

The intensities have been corrected for thermal 
diffuse scattering using the method of Chipman and 
Paskin®. The absorption correction for a flat sample is 
angle independent^ and hence can be included in the 
scale factor. The ‘porosity effect’^ can also be lumped 
with the scale factor. The surface roughness effect 
becomes significant only at 29 < 20°; the reflections 
used in these studies have 20 > 20°. 

3 Analysis of Data 

The integrated intensity of a Bragg reflection from a 
hexagonal crystal may be written as®“^°: 

I = C {LP)JF^ exp { — (Ajcsin 6//) 

X [<«y >cos ^9 + <w^ >sin^(j?] -.-(1) 

where I is the measured integrated intensity corrected 
as discussed, C the scale factor, (LP) the Lorentz- 
polarization factor, J the multiplicity factor and F the 
structure factor. 0 and A are the Bragg angle and 
wavelength. <«(f> and <u^> represent the com- 
ponents of the average mean square amplitude of 
vibration projected on the hexagonal axis and the basal 
plane respectively, cp is the angle between the 
diffraction vector and the hexagonal axis. The 
structure factors are calculated from the atomic 
scattering factors given by Cromder and Waber*^. 
These are corrected for anomalous dispersion <u| > 
and <u^ > are obtained^ from a least squares analysis 
of the logarithmic form of Eq. (1). From these, the 
average mean square amplitude <W 3 v> can be obtained 
from the relation: 

Culy ^ (l/3)«Mf > 4- 2<U^J_ » . . .(2) 

The effective average Debye temperature ( 03 ,.) and the 
directional Debye temperatures 0|| and 0j_ are 
obtained from <Mav>. <U|| > and <u^ > by well-known 
procedures*®. 

4 Results 

The values of the mean square amplitude of 
vibration and Debye temperatures are given in Table 2. 
Keeping the limits of error in view, it is seen that the 


anisotropy in the value of the amplitude of vibration is 
slight. As a consequence, the directional Debye 
temperatures also exhibit only a slight anisotropy. The 
directional Debye temperatures are of the same order 
as those obtainai by Singh and Varshni"^. However, for 
all the four metals, the values obtained experimentally 
are lower than the values obtained theoretically. It is 
worth mentioning that Singh and Varshni"* have also 
concluded that, in general, the Debye temp>eratures 
obtained experimentally from X-rays are lower than 
those calcixlated theoretically. The average Debye 
temperature is also reported in Table 2. Values of the 
Debye temperature obtained from specific heat data 
are also given for comparison. The values of 0 d 
obtained using X-ray data agree well with those 
obtained using specific heat data, especially in the 
cases of Dy and Y. It may, however, be mentioned that 
exact agreement is not expected between the values of 
0D obtained by these two methods. 

Since the materials examined in this study were 
prepared by filing, the filing process could have an 
effect on the measured do- In the course of filing a 
metal, the material is cold-worked, hardening it. This 
stiffening of the lattice could cause an increase in 
over that of a fully annealed metal. At most, this would 
cause an increase in 0^ of 5 K. A potentially more 
serious problem is that during filing, the rare earth 
metals may pick up appreciable amounts of 
hydrogen***^. As showm by Thome et g/.*^ small 
amounts of hydrogen, i.e. 5700 ppm atomic (28 ppm 
Weight), can increase the 0 d value by more than 11% 
(20 K) in Lu metal. But since the measured X-ray 0 d 
values are only slightly larger for three of the four 
metals studied (Dy: 2K, Gd: lOK and Y: 5K) and 
considerably smaller (18 K) .for the fourth than the 
heat-capacity derived 6d values, it is doubtful that 
these two factors have much effect on the values 
reported here. 

Imperfections in the crystal lattice play an important 
role in controlling many physical properties of metals. 
The concentration of vacancies in a metal at a given 
temperature depends upon the value of the energy of 
vacancy formation. Thus, an estimation of energy of 
vacancy formation is useful in understanding the 


Table I — Metallic Impurities in Dy. Gd, Lu and Y 
(in ppm atomic) 

Sample Impurity 



Fe 

Nb 

Na 

Pb 

Cu 

Ho 

Ta 

Al 

Ni 

Cr 

Si 

Gd 

Co 

Dy 

4 

20 

— 

5 

10 

25 

20 

6 

— 

7 

— 

5 

5 

Gd 

20 

— 

— 

— 

6 

— 

12 

— 

5 

— 

— 

— 

— 

Lu 

35 

6 

— 

— 

17 

— 

— 

20 

10 

— 

8 

9 

— 

Y 

6 

— 

7 

— 

— 

— 

42 

— 

— 

— 

— 

— 

— 
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Table 2 — Mean Square Amplitudes of Vibration (in A^, Directional and Average Debye Temperatures in (K) for Dy, Gd, Lu 

' and Y. 


Substance 

<“f> 

<u^> 

% 









0,, 

Oif 






(X-ray) 


Dy 

0.0113 + 

0.0102 ± 

154 

162 

160 

158 


0.0009 

0.0010 

(185.0) 

(181.3) 



Gd 

0.01 12 ± 

0.0101 ± 

157 

166 

165 

155 


0.0003 

0.0002 

(177.3) 

(173.9) 



Lu 

0.0123 ± 

0.0109 ± 

142 

151 

148 

166 


0.0008 

0.0008 

(180.7) 

(182.3) 



Y 

0.0101 ± 

0.0105 ± 

221 . 

217 

219 

214 


0.0004 

0.0003 

(252.6) 

(249.4) 




values of Debye temperatures in parentheses are those theoretically evaluated by Singh and Varshni*. 


defect state of a metal. For many rare earth metals, this 
value is not known from experiment and it is desirable 
to obtain it from any other known physical quantity. 
An attempt is made here to obtain the information 
from Deb 3 'e temperatures. 

Glyde^® derived the following relation between the 
energy of vacancy formation (^f) and the Debye 
temperature (0) of a solid; 

Et^AiklhfMO^a^ ...(3) 

where a is the interatomic spacing, A a constant shown 
to be equal to 1. 17. M the molecular weight and/; and k 
are the Planck’s and Boltzmann’s constants 
respectively. Glyde^^ had discussed the causes for the 
slight difference in Debye temperature values as 
obtained from specific heat data and from X-ray 
diffraction data and recommended the use of X-ray 
based values for use in Eq. (3). A rigorous derivation of 
Eq. (3) was given by Tewary^’ who verified validity of 
Eq. (3) for a number of fee, bcc and hep metals. 

Neither Glyde^® nor Tewary'”' have included the 
rare earth metals in their studies. The values of 6^ 
based on X-ray data were used to calculate the vacancy 
formation energy for the rare earth metals using Eq. 
(3). The values estimated are 1.096eV, 1.165eV, 
0.965eV, and 1.154eV for -dysprosium, gadolinium, 
lutetium and yttrium respectively. The experimental 
values of E( for dysprosium, gadolinium and lutetium 
are not available for comparison. However, the 
experimental value of 1.439 eV reported by DarieF® 


for yttrium compares reasonably with the value 
calculated using Eq. (3). 
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Nearest Cation-Anion Distance in Fused Salts 
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. Based on an equation for a / the nearest cation-anion distances (n) in fused salts have been evaluated within the hard- 
sphere approximation. The calculated values of a fpr LiCl, LiBr, NaCl, NaBr, Nal, KCl, KBr, KL'CsCl and CsBr while 
decreasing with temperature, agree closely with the gas-phase bond length and increase in the order LiX < NaX < KX < CsX 
at any temperature between 600-1000°C, X being Cl, Br or I. The hard-sphere approximation is justified by noting that the 
equation for a./p^ contains only second-order perturbation corrections which are usually small and the ratio a/p^ is thus 
predominantly determined by hard-sphere potential. Analysis of the computed values of nearest cation-anion distances reveal 
that melts of fused salts possess ‘less structure’ in the neighbourhood of melting points, while the hard-sphere approximation 


may not be valid for fused salts at temperatures far removed 

1 Introduction 

Information about cation-anion distance in alkali 
halide molecules is chiefly gathered from ther- 
mochemical studies on crystalline salts ^ The cation- 
anion separation obtained from suck studies naturally 
refer to equilibrium values in crystalline state. 
Microwave absorption spectra of vapour yield very 
accurate data on interionic separation^. These two sets 
of data, however, differ from each other. X-ray and 
neutron diffraction studies on fused salts may also be 
utilized to obtain mean ionic diameters of salts in the 
molten state^ 

Oh the other hand, there have been several attempts 
at calculating cation-anion distance by the application 
of ‘Scaled particle theory’ to fused salts. This is based 
on the principle of ‘corresponding state’ idea, 
according to the properties of fused salts depend only 
on the value of parameter u which represents the sum 
of the cation and anion radii, and not on their 
individual values. 

By using experimental values of isothermal 
compressibility in an equation derived from the ‘Scaled 
particle theory’, Stillinger"'- calculated the mean ionic 
diameter a, which turned out to be smaller than the 
values determined following Pauling’s theory in case of 
crystals, though they were usually higher than the gas- 
phase bond distances. Mayer® based his calculation of 
a on the ‘Scaled particle theory’ but using surface 
tension and compressibility data, while Reiss and 
Mayer^ used the gas-phase bond length to calculate the 
surface tension for fused salts. Values of surface 
tension calculated by Reiss and Mayer^ were in 
agreement with experimental values for all crystalline 
salts c.xcept partially covalent salts. All these studies 
indicate that the hard-sphere fluid concept is quite 
useful in obtaining and correlating properties of fused 


from the melting points. 

salts using the hard-sphere diameter as the only 
parameter. 

In the course of our studies on the theory of liquids, 
we had seen that the ratio of the expansion coefficient a 
to the isothermal compressibility of liquids is 
determined predominantly by the hard-sphere 
potential. We have^° 

<x/Pc = pklzo+y^r]{H{bi+2b2ri) 

+ H’t]{b,+b2Vm •••(!) 

where p is the number density of molecules, k the 
Boltzmann’s constant, bi and b^ are second order 
perturbation correction constants and 

y = eolkT . 

H = il-rir/{l + 2vf 

H' = dH/dn and T] = ^pa^ 
o 

cr and Eq being the appropriate hard-sphere diameter 
and potential depth respectively. In Eq. (1), zq is the 
compressibility factor for hard-sphere fluid well 
described by Percus-Yevic equation^’^^ 

Zo-^(l + n + ti^)/(l-r,)^ ...( 2 ) 

Now, it has already been established for non-polar 
liquids, that the attractive potential does not have any 
significant contribution to the ratio represented 
by Eq. (1). We may, therefore, neglect the second order 
correction in Eq. (1) and from Eqs (1) and (2), we have 

<x/p, = pk{l+v + rr)/a-vy •••( 3 ) 

Eq. (3) has been employed for evaluation of effective 
hard-sphere molecular diameters of a variety of liquids 
at different temperatures*”. The calculated values of a 
are found to decrease with increasing temperature and 
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for aliphatic hydrocarbons, the value increases as one 
ascends the homologous series. 

Eq. (3) is strictly valid for fluids having short-range 
interaction. For ionic liquids, such as molten alkali 
halides having long-range electrostatic interaction, it 
appears that contribution from attractive potential 
may not be negligible in determining the ratio a/^e- 
Yet, there are evidences that the properties of molten 
salts may be adequately described within the hard- 
sphere approximation. The values of various 
properties such as compressibility^^’ expan- 
sivity*^’^^ heat capacity^^, entropies effusion** and 
surface tension® have been evaluated by employing 
equations based on hard-sphere equation of state and 
found to be in agreement with experimental values. 
These considerations led us to believe that a successful 
application of Eq. (3) can be made in case of molten 
salts as well. 


Bockris and Richards** reported experimental 
values of isothermal compressibility of a large 
number of molten salts at selected temperatures. We 
have utilized these values of Pc wherever necessary 

interpolation was done to get the values of Pc at the 
required temperatures and these are shown in Table 1. 

The values of density of the alkali halide melts at 
several temperatures, shown in Table 1 are taken from 
the International Critical Tables*® and from reports of 
Yaffe and Van Artsdahlen*®. We have calculated the 
thermal expansion coefficient using the temperature 
variation of the density*® and these are given in Table 
1 . 

With these values of a. Pc, and density from the 
literature** ~*®, values of <r have been calculated for 10 
fused salts at several temperatures in the range 600- 
1000°C. These values of cr (Table 1) are comparable 
with the gas-phase bond distance^’*®. 


2 Fused Salts: Calculation of Mean 
Ionic Diameter 

We restrict our discussion to 1-1 salts in the molten 
state. We further note that the salts are completely 
dissociated and the structural units are the ions, so that 
the number density p is: 

N^+N_ 

P = p— 

where N+ and N _ are the number of positive and 
negative ions present in the volume V. If V is the molar 
volume and the salts are completely dissociated into 
ions, we have ; 

where N is the Avogadro’s number. Thus 
P = 2N/V ...(4) 

It is assumed that the only predominant'interaction in 
an ionic melt is the nearest cation-anion contact, so 
that an ion, positive or negative may be regarded to 
possess an average diameter equal in magnitude to the 
cation-anion separation a. Bearing in mind that for 
fused salts, a in Eq. (3) represents the nearest cation- 
anion distance in molten salts, we have from Eqs (3) 
and (4) 


//? (1 

U*c- y- 


...(5) 


Using in Eq. (5) the value of the molar gas constant R, 
we can solve for rj, provided the values of expansion 
coefficient a, isothermal compressibility /?,,, and molar 
volume V arc known at that temperature. The mean 
cation-anion distance a is then obtainable from Eq. (6) 

...( 6 ) 


3 Results and Discussion 

It is seen (Table 1) that the mean ionic diameter 
decreases with increasing temperature for all the fused 
salts studied in this investigation. This is in agreement 
with the observation made by Stillinger^®. The values 
of cr increase in the order : LiX < NaX < KX < CsX, X 
being a halogen. The position of rubidium halides is 
not ascertained, since we could not evaluate the nearest 
cation-anion distance for these salts as the 
compressibility data are. not available. Further, the 
values of a computed by us is lower than those 
reported by Mayer® and by Stillinger^® but agree more 
closely with the gas-phase bond length for the salts in 
the vapour state as determined by Honig and 
coworkers^. The values of a based on Eq. (5) which 
utilizes the expansivity and compressibility of fused 
salts, decrease relatively slowly in comparison to those 
given by Stillinger. 

It may be mentioned that large first-order 
perturbation correction over hard-sphere contribution 
enters into equations of expansion coefficient or of 
compressibility^*’^^. This was seen to be true for 
several non-polar liquids***. It will, therefore, not be 
appropriate to ignore perturbation correction and 
employ the hard-sphere compressibility equation: 

Pc=y{l-ti)VRT(l+2,i)^ ...(7) 

or expansivity equation: 

« = (I-vV7'(H-2# ...(8) 

separately for the purpose of evaluating cr, even for 
molecular liquids. This criticism is, however, not 
relevant to the use of Eq. (5) in which the ratio cn/Pc 
contains only second-order perturbation corrections. 
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Table 1 — Calculated Values of Nearest Cation-Anion Distances (ct) in Fused Salts at Different Temperatures 


Salt 

Temperature 

Density 

Expansion 

compres- 

<T, A 



“C 

(g/cm^) 

coeflicient* 

sibility 


— 




axl0'‘k-‘ 

Pc X lO'^cm^ 

Present 

Litera- 




- 

dyne 

' study 

ture^® 





(Ref. 16) 



LiCl 

700 

1.4579 

2.96 

21.71 

2.09 

2.31 

(2.0207) 

800 

1.4147 

3.05 

24.70 

2.05 

2.26 


900 

1.3716 

3.15 

28.60 

2.01 

2.20 


1000 

1.3284 

3.25 

33.00 

1.96 

2.14 

LiBr 

600 

■ 2.4966 

2.61 

22.70 

2.22 

2.53 

(2.1704) 

700 

2.4314 

2.68 

25.80 

2.18 

2.49 


800 

2.3661 

2.76 

29.40 

2.14 

2.43 


900 

2.3009 

2.84 

33.60 

2.08 

2.38 


1000 

2.2356 

2.92 

38.40 

2.02 

2.31 

NaCl 

800 

1.5489 

4.02 

28.7 

2.48 

2.47 

(2.3606) 

900 

1.4866 

4.19 

33.8 

2.46 

2.41 


1000 

1.4243 

4.37 

40.0 

2.44 

2.34 

NaBr 

800 

2.2983 

3.55 

33.6 

2.55 

2.63 

(2.5020) 

900 

2.2166 

3.69 

38.6 

2.53 

2.58 


1000 

2.1349 

3.83 

44.9 

2.50 

2.51 


700 

2.7039 

3.51 

40.0 

2.76 

2.88 

Nal 

800 

2.6090 

3.64 

47.3 

2.71 

2.82 

(2.7115) 

900 

2.5141 

3.78 

55.6 

2.67 

2.74 


1000 

2.4192 

3.92 

65.6 

2.62 

2.66 

KCl 

800 

1.5080 

4.02 

38.4 

2.70 

2.70 

(2.6666) 

. 900 

1.4474 

4.19 

45.7 

2.66 

2.63 


1000 

1.3868 

4.37 

54.7 

2.63 

2.55 

KBr 

800 

2.0732 

4.00 

43.8 

2.84 

2.85 

(2.8207) 

900 

1.9903 

4.17 

52.1 

2.81 

2.78 


1000 

1.9073 

4.35 

62.1 

2.78 

2.70 

Kl 

700 

2.4295 

3.93 

49.9 

3.03 

3.09 

(3.0478) 

800 

2.3339 

4.09 

59.9 

2.99 

3.01 


900 

2.2384 

4.27 

72.0 

2.95 

2.93 


1000 

2.1428 

4.46 

87.3 

2.89 

2.82 

CsCl 

700 

2.7327 

3.90 

42.9 

2.96 

3.01 

(2.9062) 

800 

2.6262 

4.06 

51.2 

2.93 

2.93 


900 

2.5197 

4.23 

62.7 

2.87 

2.84 


1000 

2.4132 

4.41 

76.3 

2.81 

2,74 

CsBr 

700 

3.0545 

3.05 

55.8 

3.00 

3.06 

(3.0722) 

800 

2.9322 

2.93 

67.1 

2.95 

2.98 


900 

2.8998 

2.90 

82.7 

2.88 

2.88 


1000 

2.6875 

2.69 

103.1 

2.78 

2.75 


* Based on density values at selected temperatures given in Refs 17 and 18 
Values in parentheses indicate gas-phase bond distance in A(Ref. 2) 


which are usually negligibly small and, therefore, 
ignored. 

It was stressed by Ubbelohde^^ that the bond length, 
in an isolated ion-pair is determined by the 
electrostatic polarization forces between the ions and 
correspond to the minimum in the potential energy 
curve. As a consequence of long-range order in 
crystals, the presence of neighbouring ions reduce the 
electrostatic polarization forces holding an ion-pair. 
This would result in an enhanced value for the bond 
length in a crystal compared to that in an isolted ion- 
pair or to gas-phase bond length. For melts, however, 
the long-range order is not fully destroyed as in 


vapour. Consequently, the bond length or the nearest 
cation-anion distance in fused salts is expected to be 
larger than the gas-phase bond length but smaller than 
that in a crystal. This is clearly obeyed by the a data 
computed in the present study (Column 6, Table 1) for 
fused salts at temperatures near the melting points. 
The exceptions are, however, KI and CsBr for which 
we notice that even at temperatures near melting 
points the value of a is nearly the same or even less than 
the gas-phase bond length. 

In general, this supports the prevalent idea that the 
fused salts possesses rudiments of a structure 
generated from the crystal by partial loss of long-range 
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order on melting. As the nearest cation-anion distance 
approximates closely to the gas-phase bond length, 
observations of the the present study indicate that a 
model with less long-range order, that is, with ‘less 
structure’ than would be expected from an analysis of a 
reported by Stillinger, is preferable. The decrease of 
effective g for fused salts with increase in temperature 
in the neighbourhood of melting points, is explainable 
as due to progressive loss of long-range order. 
However, the effective cr at around 1000°C falls below 
the gas-phase bond length. This implies that the hard- 
sphere approximation may not be valid for a fluid at 
temperatures far removed from the melting point. 

References 

1 Pauling L, The nature of chemical bond (Cornell University 

Press, Ithaca, New York), 3rd edn, 1960, 344. 

2 Honig M A, Mandel M, Stich M L & Townes C H, Phys Rev 

(USA), 96 (1954) 629. 

3 Levy H A, Argon P A, Bredig M A & Danford M D, Ann New 

York Acad Sci (USA), 79 (1960) 72. 

4 Zarzyaki J, Phys Rad A (France), 18 (1957) 65; 19 (1958) 13. 

5 Furukawa K, Disc Faraday Soc (GS), 32 (1961) 53. 

6 Bloom H, Disc Faraday Soc (GB), 32 (1961) 7. 

7 Stillinger F, J Chem Phys (USA), 35 (1961) 1581. 


8 Mayer SW,J Chem Phys (USA), 40 (1964) 2429. 

9 Reiss H & Mayer S'N,J Chem Phys (USA), 34 (1961) 2001. 

10 Purkait A R & Majumdar D K, Indian J Pure & Appl Phys, 19 

(1981) 973. 

1 1 Thiele E, J Chem Phys (USA), 39 (1963) 474. 

12 Percus J K & Yevick G J, Phys Rev (USA), H9 (1958) 1. 

13 Bloom H & Snook J, in Modern aspects of electrochemistry, 

Editors B Conway & J O M Bockris (Plenum Press, New 
York) No. 9 (1974) 159. 

14 Margulescu I G & Salageanu, Rev Roumaine Chim (Rumania), 17 

(1972) 603. 

15 Yosim S J & Owen B B, y Chem Phys (USA), 41 (1964) 2032. 

16 Bockris J OM & Richards S E, Proc R Soc A (London), 241 (1957) 

44. ■ 

17 International critical tables (McGraw Hill Book Co, New York) 

Vol. 5, 1928. 

1 8 YalTe I S & Artsdahlen Van, J Phys Chem (USA), 60 (1956) 1 125. 

19 Bauer S H & Rorter R F in Molten salt chemistry. Editor M 

Blander (Intersciences Publishers, Wiley & Sons, New York) 
1964, 607. 

20 Stillinger F H (Jr) in Molten salt chemistry. Editor M Blander 

(Interscience Publishers, Wiley & Sons, New York) 1964, 79. 

21 Purkait A R & Majumdar D K, Indian J Pure & Appl Phys, 17 

(1979) 222. 

22 Purkait A R & Majumdar D K, Indian J Pure & Appl Phys, 19 

(1981) in. 

23 Ubbelohde A R, Melting and crystal structure (Oxford 

Um'versity Press, Oxford) 1965, 135. 



330 



Indian Journal of Pure & Applied^Physics 
Vol. 24, July 1986, pp. 331-335 


Elastic Constants of Some Polycrystalline Antimony Alloys 

N SWARNALATA & A R K L PADMINI 

Applied Physics Department, Faculty of Technology & Engineering, M S University of Baroda, Baroda 390001 

Received 5 August 1985; revised received 12 May 1986 

Ultrasonic velocity and internal friction investigations have been carried out on antimony polycrystals containing Sn, Pb, 
Bi and Te impurities in the concentration range 0-1 at. % using the composite oscillator technique. A set of elastic constants 
have been estimated from velocity and density data. The results have been interpreted in the light of changes, of lattice 
parameter, valency of the impurity, the electron; atom ratio, atomic size and Fermi energy. 


1 Introduction 

The semimetal antimony which crystalizes in a 
rhombohedral structure belongs to the V group of 
elements in the periodic table having 5 electrons in the 
outershell of the atom. In the semimetals Sb, Bi and 
As, five Brillbuin zones are filled and the fifth band 
overlaps the sixth. A few electrons spill over into the 
conduction band creating an equal number of holes in 
the valence band. It is well established that there are 3 
small electron pockets at the L band and 6 small hole 
pockets at the H band. The electron and hole 
concentrations are individually equal to 5.51 ±0.03 
X 10^^ cm The physical properties of antimony are 
highly anisotropic and there are enormous differences 
in their values along the cleavage plane and 
perpendicular to it. This is demonstrated in the earliest 
investigations^ on the solid solutions of Sb doped with 
Sn, Ge, Pb, and Te. Browne and Lane^ have also 
evaluated the principal magnetic susceptibilities. 

Galvanomagnetic studies have been made on 
antimony alloys with less than 0.8 at. % Sn by Epstein 
and Juretschke^ and for concentrations between 2 and 
8 at. % Sn by Saunders and Oktu^. The de Haas van 
Alphen (dHvA) measurements on a 0.1 at. % Sn alloy 
were undertaken by Ishizawa and Tanuma"' who 
indicated that the band shapes do not change greatly 
with alloying. The magneto-reflection studies on the 
band structure of antimony-bismuth alloys carried out 
by Apps and Huntley^ suggest that the band gap 
decreases with the addition of Bi to Sb, The work on 
band structure near the Sb Fermi level by doping it 
with small amounts of tin impurities was undertaken 
by Dunsworth and Datars* to study the changes in the 
Fermi surface of an antimony-tin alloy. The data on 
ultrasonic velocities and elastic constants in Bi 
polycrystals containing Sb, Sn, Pb and Te impurities 
were due to Varkey et al? who observed a decrease in 
the above parameters on the addition of an impurity. 
Rashid et al.^ harve computed the components of 
electron and hole mobility tensors, the carrier densities 


and the tilt angles of the Fermi surface pockets in single 
crystals of antimony and its p-type alloys with Sn (up 
to 1.0 at. %) and Ge (up to 2.2 at. %) and found that 
each tin or germanium atom removes one electron 
from the states near the band edges. 

Though considerable attention has been paid to the 
study of various properties of Bi, Sb and Bi-rich Bi-Sb 
alloys, comparatively very little work appears to have 
been done on antimony-rich alloys. In view of this, the 
present investigation of studying the ultrasonic 
velocities, elastic constants and internal friction in 
alloys of Sb doped with Te, Bi, Pb and Sn impurities is 
taken up by the authors to explore the effect of 
addition of impurities to Sb, on its ultrasonic velocities 
and elastic properties. 


2 Experimental Details 

The polycrystalline specimens used in the present 
investigation were prepared from 99.999% pure Sb, Bi, 
Sn and Te- metals procured from the Nuclear Fuel 
Complex, India and Pb of 99.95% purity from Riedel, 
Germany. The method of preparation of the alloys was 
the same as described elsewhere^, which enabled us to 
get large polycrystalline specimens of homogeneous 
nature, from which two specimens were cut in 
mutually perpendicular directions. In order to test the 
isotropic nature of the specimens, they were etched in 
CH 3 C 00 H:HN 03 :: 5 : 1 for 10s and observed in a 
Vicker’s projection microscope. The method reported 
by Yim and Dismukes*° was employed for conducting 
the metallographic examinations on the alloys after 
electro-polishing them. The grains were equiaxed and 
the boundaries could be seen on all the faces of the 
samples, which suggested the polycrystalline nature of 
the samples. 

The actual composition of the samples was 
estimated from the density measurements by 
Archemedean method using a Metier microbalance to 
an accuracy of lO'^gcm"^. The density measure- 
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ments made on pieces which were cut from the end 
portions of the polycrystals exhibited no major 
variations in concentration, which confirmed the 
homogeneity in the specimens. All the specimens were 
annealed in vacuum at 150°C for a period of 48 hr. 

The ultrasonic velocity and internal friction 
measurements were carried out using the composite 
oscillator technique, the details of which are already 
described elsewhere^ ^ An X-cut quartz crystal with 
resonant frequency of 110 kHz was used for 
longitudinal velocity and internal friction measure- 
ments and a Y-cut quartz crystal with resonant 
frequency of 120 kHz was used for-shear wave velocity 
measurements. Each measurement was carried out in 
at least two or three specimens and the mean value is 
reported. The variation in the value from one specimen 
to another was found to be below 2%. The frequency 
was measured using an Aplab (type 1102) digital 
frequency counter to an accuracy of 1 in 10®. The 
velocity measurements are accurate to 0.1% and the 
modulus values to 0.2%. 

3 Results and Discussion 

From the ultrasonic velocities and densities of the 
specimens, the various constants such as Young’s 
modulus (£), rigidity modulus («), Poisson’s ratio (o). 


bulk modulus {K), average sound velocity (FJ and 
Debye temperature (0 d) are estimated using the 
formulae : 

E = pVl n = pVi 


ZE- 4 n 

3 K- 2 n 

3 

^ 6 K + 2 n 


1 

‘ 3(17^ 

V?) 

_ h f 3 Np \ 

-1/3 

1 

K\ 4 nm J 

1 ' m 


The internal friction is calculated by the formula*^ 



where /r is the resonance frequency and A /is the width 
of the resonance curve at half the maximum amplitude 
in the voltmeter reading. All the results are presented in 
Table 1 which exhibit a decrease in the ultrasonic 
velocities, elastic constants and internal friction with 
addition of Te, Bi, Pb and Sn impurities, the degree of 
decrease being different for different impurities. These 
results can be logically studied taking into 
consideration the factors which affect the elastic 


Table 1 — Ultrasonic Velocities arid Elastic Constants of Antimony Polycrystals Containing Sn, Pb, Bi and Te Impurities 


[All Measurements at room temperature ( = 30‘’O] 


Atomic 

P 

Tl 

Ps 

Ex 10-" 

n X 10~" 

e-' xlO* 

/rxio-" 

tr 

P’n, 

0D 

%in Sb 

g/cm^ 

m/s 

m/s 

dyn/cm^ 

dyn/cm^ 


dyn/cm^ 


m/s 

K 






Dopant Sn 






0 

6.7 

2225 

1273 

3.317 

1.086 

16.63 

1.869 

0.257 

1414 

135.3 

0.28 

6.705 

2125 

1075 

3.028 

0.775, 

14.51 

1.995 

0.328 

1205 

91.9 

0.49 

6.708 

2035 

1065 

2.778 

0.761 

12.22 

1.763 

0.311 

1191 

90.9 

0.69 

6.710 

2000 

1042 

2.684 

0.729 

10.28 

1.712 

0.314 

1166 

88.9 

1.00 

6.715 

1950 

1000 

2.553 

0.672 

8.00 

1.657 

0.321 

1120 

85.5 






Dopant Pb 






0.29 

6.713 

2117 

1120 

3.009 

0.842 

14.93 

1.886* 

0.306 

1252 

86.1 

0.51 

6.722 

2035 

1082 

2.784 

0.787 

14.50 

1.734 

0.303 

1209 

83.2 

0.68 

6.729 

2020 

1055 

2.746 

0.749 

13.44 

1.747 

0.312 

•1180 

81.2 

0.96 

6.740 

1985 

1020 

2.656 

0.701 

12.52 

1.721 

0.321 

1142 

78.6 






Dopant Bi 






0.35 

6.710 

2075 

1150 

2.889 

0.887 

16.41 

1.706 

0.278 

1281 

87.9 

0.49 

6.713 

2060 

1112 

2.849 

0.830 

16.02 

1.742 

0.294 

1241 

85.2 

0.66 

6.717 

2045 

1070 . 

2.809 

0.769 

15.10 

1.784 

0.312 

1197 

82.2 

0.96 

6.725 

2000 

1030 

2.690 

0.714 

14.20 

1.739 

0.320 

1153 

79.2 






Dopant Te 






0.3 

6.67 

2160 

1187 

3.112 

0.940 

12.13 

1.859. 

0.284 

1323 

99.3 

0.5 

6.65 

2050 

1125 

2.715 

0.842 

9.08 

1.672 

0.284 

1254 

94.3 

0.7 

6.63 

2035 

1095 

2.746 

0.795 

■ 8.24 

1.686 

0.296 

1223 

91.8 

1.0 

6.60 

2025 

1050 

2.706 

0.728 

7.15 

1.735 

0.316 

1175 

88.1 


Kl = Longitudinal wave velocity Ks = Shear wave velocity p = Density 

£= Young’s modulus n = Rigidity modulus /T = Bulk modulus 

<f — Poisson s ratio Q ' = Internal friction = Average sound velocity 

Pd = Debye temperature 
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constants of a metal or alloy crystals, viz. (i) the change 
in lattice parameter, (ii) the difference in atomic radii of 
the solute and solvent, (iii) the valency difference 
between solute and solvent, (iv) change in the electron 
atom ratio and (v) the Fermi energy. Of these, the 
Fermi energy is a major contributor to the binding 
energy of the crystal; the second derivative of the 
binding energy with respect to strain gives elastic 
constants. 


3.1 Sb-Te Alloys 

The longitudinal ultrasonic velocity presented in 
Table 1 shows an initial fast decrease on addition of Te 
followed by. a slow decrease with increase in Te cone, 
while the shear, velocity is found to exhibit a regular 
decrease. Data on lattice spacing changes when Sb is 
alloyed with Te, Sn and Pb are not available. Cucka 
and Barrett^ ^ have observed that the lattice spacing of 
Bi is unchanged with the addition o^ Sn, Pb, Te in small 
concentrations. A similar behaviour can be expected 
with Sb which is analogous to Bi in alt its physical, 
chemical, electrical and magnetic properties. 


According to Zener the difference in atomic radii 
of the solute and solvent atoms lowers the elastic 
constants, which was experimentally verified by 
Koster and Rauscher^^. The difference in atomic radii 
of Sb (0.141 nm) and T-e(0.137 nm) in Sb-Te should 
decrease the elastic constant to a lesser extent as 
compared to that of Sb and Bi (Bi = 0. 1 52 nm) in Sb-Bi 
and of Sb and Pb (Pb =0.154 nm) in Sb-Pb alloys. 
Further, the valency difference between Sb and Te 
should lead to a reduction in the value of the elastic 
constants as, according to Smith^ the rate of decrease 


in elastic constant value 


EdC 


increases with the 


valency of the solute. Presumably, with the addition of 
Te the elastic constants of Sb should decrease. Further, 
the addition of Te to Sb increases the electron : atom 
ratio and this in turn should produce an increase in the 
value of elastic constants as reported by Wazzan and 
Robinson'^ based on their investigations on Mg-Li 
alloys. They found that as the electron : atom ratio is 
decreased in the alloy, the elastic constants show a 
decrease; inversely, if the electron : atom ratio is 
increased the elastic constants should increase. 


Dunsworth and Datars® have observed while 
studying the dHvA effect in Sb(Te) alloys, that the hole 
pockets in Sb disappear at 0.35 at. % Te. The increase 
in Fermi energy of Sb by 40 meV when it is doped with 
Te impurity of 0.29 at. % was estimated by Harte et 
The above investigations clearly establish that 
Fenni energy increases when Sb is doped with Te, 
which in turn, increases the binding energy of the 
crystal and hence the elastic constants. 


Taking into account all these factors mentioned 
above and the effects they produce on the elastic 
constants, it can be concluded that the effect of factors 
(ii) and (iii) must be more than the effect of the factors 
(iv) and (v) and the net result is that the elastic constants 
of Sb-Te alloys decrease with increasing concentration 
of Te in the range 0-1 at. %. It is seen from Table 1 that 
the Young’s modulus (£) shows an abrupt change at 
0.3 at. % Te concentration. Rigidity modulus (n) 
exhibits change at 0.5 at. %, while Poisson’s ratio, bulk 
modulus and Debye temperature exhibit changes at 0.3 
at. %. These results clearly prove that the change in 
band structure of Sb, namely the disappearance of hole 
pockets around 0.35 at. % as predicted by Datars and 
Dunsworth®, is reflected by the abrupt change noticed 
in the values of E, K, a, and do. 

3.2 Sb-Sn and Sb-Pb Alloys 

The decrease in ultrasonic velocities Fl and Vg with 
addition of Sn and Pb to Sb presented in Table 1 shows 
that the extent of decrease in Sn alloys is more than in 
Pb alloys. The decrease in Fl and Fj for 1 at. % of Sn is 
275 m/s and 273 m/s respectively while the 
corresponding values for 0.96 at. % of Pb are 240 m/s 
and 253 m/s. The E values decrease sharply up to 0.49 
at. % Sn or 0,51 at. % Pb beyond which the decrease 
rate is low. The rigidity modulus shows a sharp 
decrease upto 0.28 at. % Sn or 0.29 at. % Pb beyond 
which the decrease is slow. The bulk modulus and 
Poisson’s ratio show maxima at 0.28 at. % Sn and 0.29 
at.,% Pb. The mean velocities for Sb^Sn and Sb-Pb 
alloys are less than the velocities for Sb-Bi and Sb-Te 
alloys. ^ 

Analysis of the above results in light of the factor (i) 
mentioned above is not possible since data on lattice 
spacings of these alloys are not available. The atomic 
radii of the solute Sn(0.140 nm) and solvent Sb (0.141 
nm) are nearly same and hence the effect on elastic 
constants may be zero. But in Sb-Pb alloys, the 
difference is comparable and this should lead to a 
decrease in the values of the elastic constants. The 
valency difference between Sb and Sn is the same as 
that between Sb and Pb; so this effect also leads to a 
decrease in the elastic constants. The number of 
electrons outside the closed shell for Sn and Pb is four; 
thus the addition of small quantities of Pb or Sn to Sb 
lowers the number of electrons per atom in the alloy. 
This factor should lead to a decrease in the elastic 
constant values. 

As Sn or Pb is added, the band structure of Sb 
changes, the density of holes increases while the 
density of overlapped electrons decreases. Dunsworth 
and Datars® have carried out investigations to explore 
the band structure of Sb near its Fermi level. By doping 
Sb with Sn up to 0.29 at. % they observed change in the 
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Fermi level and their results show that each Sn atom 
removes one carrier electron from Sb on alloy 
formation. This observation is in agreement with what 
one should expect on the basis of the valence difference 
between Sb and Sn. However, Epstein and Juretschke^ 
have predicted that each Sn atom removes 0.3 carrier 
electrons per each Sn atom doped when the 
concentration of Sn reaches 2 at. %, and conduction in 
the alloy takes place by holes only. Harye et al}^ have 
found that the mean number of carrier electrons 
removed per Sn atom in Sb(Sn) containing 0.58 at. % 
Sn is 1^± 0.01. In the case of Sb(Te) alloy, the carrier 
electron added per Te atom is 0.89 at a Te 
concentration of 0.26 at. %. Their rigid band model 
predicts that in alloys with 0.8 to about 1.7 at. % Sn, 
conduction is only by holes at the H band and that for 
higher concentrations of Sn, the Fermi level v/ill enter 
the valence band which is directly below the electron 
pocket at the L band. 

The rigidity modulus («) value has shown a decrease 
in the Sn concentration range of 0-0.28 at. % or Pb 
concentration of 0.29 at. %, indicating a removal of the 
overlapping electrons in Sb when Sn or Pb is added as 
the case may be. If all the overlapping electrons are 
removed, then there should occur a decrease in n as no 
contribution is made by the Fermi energy to the shear 
modulus unless the Fermi surface is in contact or 
intersects the Brillouin zone boundaries. Hence, the 
sharp decrease and variation in rigitity modulus can be 
attributed to (i) sharp decrease in the number of 
electrons, (ii) disappearance of the electron pockets in 
the L band and (iii) increase in the number of holes. 
The bulk modulus K and Poisson’s ratio (o) show an 
increase in the concentration range 0-0.28 at. %. cr 
reaches the highest value at Sn concentration of 0.28 
at. % or Pb concentration of 0.29 at. %, beyond which 
the value of a decreases. The maximum value of c 
observed in Sb-Sn alloy is higher than that in the case 
of Sb-Pb alloys. It is seen that all the factors that affect 
the elastic constants tend to decrease the values of 
elastic constants of the alloys. Hence the observed 
decrease in ultrasonic velocity in Sb alloys with 
increase in concentration of dopant is explained. 

A study of the variation of internal friction (jQ in 
Sb-Sn and Sb-Pb alloys with increasing concentration 
of Sn or Pb indicates that decreases in the 
concentrationrangeO-l at. % of the dopant, though the 
extent of decrease is more in Sb-Sn alloys compared to 
Sb-Pb alloys. This might be due to the larger number of 
holes in Sb-Sn alloys. Further, the extent of decrease in 
Q for -Sb-Sn and Sb-Pb alloys is less compared to 
that in Sb-Te alloys. This manifbstly indicates that the 
interaction between holes and ultrasonic waves is less 
than the interaction between ultrasonic waves and 
electrons. 


3.3 Sb-Bi Alloys 

It is evident from Table 1 that value of Fj, decreases 
rapidly initially as Bi concentration increases from 0 to 
0.35 at. %. After this, the decrease is moderate. On the 
other hand, the value of Fg gradually decreases. The 
values of E and n exhibit a variation similar to those of 
Fl and Fg respectively. The value of K exhibits 
minimum value at a Bi concentration of 0.35 at. % and 
then increases, to be followed by a decrease at higher 
concentrations of Bi. The value of a exhibits a 
monotonous increase. The parameters and Q 
show an unvarying decrease in the concentration range 
studied. 

The lattice parameter measurements in Sb-Bi alloys 
at concentrations of Sbo.gBio.i and Sbo. 8 Bio .2 are due 
to Kolobyanina e! al}'^ and they report that the lattice 
spacing increases with increasing concentration ofBi- 
Presumably, the effect of this factor on elastic 
constants is to enhance them on alloy formation. There 
is considerable difference in atomic sizes of the solvent 
(Sb = 1.41 A) and the solute (Bi = 1.52 A) atoms. The 
effect of this factor is to reduce the value of elastic 
constants. Further, as bismuth and antimony posses 
the same valency, the addition of bismuth to antimony 



Fig. 1 — Plot of Vl against temperature (70 



Fig- 2 — Plot of £ against temperature (70 
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does not change the electron : atom ratio and hence the 
effect on elastic constants due to the factors (iii) and (iv) 
is negligible. 

The addition of Bi in small quantities neither affects 
the electron; atom ratio nor the equality of electron- 
hole concentration, though it modifies the band 
structure. Gitsu et established that in Sbi_vBi,. 
alloys (O^x^O.25) the electron («) and hole {p) 
concentrations decrease as x increases to 0.25 with n 
=pm all alloys. The reduction in the electron and hole 
concentrations naturally reduces the Fermi energy and 
hence the elastic constants. It is interesting to note that 
the uniform decrease of elastic constants E and n and 
hence the uniform decrease of velocities Kl and Fg can 
be attributed partly to this effect. The decrease in the 
value of in this Bi concentration range also 
manifests that as the electron-hole concentration is 
decreased, the interaction between ultrasonic is 
decreased, the interaction between ultrasonic waves 
and electrons and holes also gets decreased. It is 
interesting to note here that the value of Q of Sb-Bi 
alloys is much less compared to that of Sb-Te, Sb-Sn, 
Sb-Pb alloys, which clearly shows that the electron- 
hole concentration is reduced in Sb-Bi alloys 
compared to the other alloys. An overall study of the 
variation of elastic constants reveals that the observed 
decrease in the values of elastic constants can be 
attributed to the combined effect of (i) the difference in 
atomic sizes of the solvent and solute atoms and (ii) the 
decrease in the Fermi energy. The increase in values of 
elastic constants caused by lattice parameter changes 
obviously appears to be negligible. 

A comparative study of the variations of Q with 
increase in concentration of dopant in Sb alloys 
indicates that the decrease in Q is maximum for Te 
impurity, minimum for Bi impurity and intermediate 
for Sn and Pb impurities. 

Figs 1 and 2 show the temperature dependence of Fl 
and E in Sb alloys at two different concentrations of 
the dopant and over the temperature range 303-463 K. 
The change in resonance frequency at various 
temperatures was noted. The values of E were 
calculated at each temperature using the equation E 


= p Fl where p is the density of the specimen. From 
Fig. 2 it is seen that values of E decrease linearly with 
temperature as is the characteristic of most of the 
metals and alloys. The above results indicate that 
investigations based on ultrasonic velocity and 
internal friction throw considerable light on the 
semiconducting properties and band structure of Sb 
alloys with Sn, Te and Bi as dopants. 
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It is established that the phonon-viscosity mechanism and thermo-elastic phenomenon are the principal thermal causes of 
acoustic wave attenuation in solids at room temperature. In the present investigation, ultrasonic absorption due to phonon- 
viscosity mechanism in KCN has been discussed at 293 K, with reference to anomalous thermal elastic properties of the crystal. 


1 Introduction 

Potassium cyanide is known to be a deadly poison. 
Many of the structural and thermo-elastic properties 
have been studied earlier^ 7*. At higher temperatures, 
KCNy exhibits NaCl-type crystal structure. KCN 
undegoes anomalous thermo-elastic properties, the 
most characteristic feature of which is softening of the 
shear constant C44 as the transition temperature is 
approached. Attenuation of an ultrasonic wave 
propagating in a crystal depends upon crystal 
structure. Therefore, in the present investigation, 
study of ultrasonic attenuation in KCN along various 
propagation directions has been made. 

It is established that phonon-viscosity mechanism 
and the thermo-elastic phenomenon are the principal 
thermal causes of acoustic wave attenuation in solids 
at room temperature’’ ® . Akhieser® postulated that the 
equilibrium distribution of thermal phonons in a solid 
may be disturbed by the propagation of acoustic 
phonon and the re-establishment of equilibrium is a 
relaxational phenomenon. This mechanism is known 
as three-phonon process. Due to these perturbed 
phonons at various temperatures 7s above ambient, 
there will be an increase in entropy and, therefore, 
attenuation of energy from the propagating wave. The 
dominating factor of attenuation in dielectrics is the 
interaction of thermal phonons with acoustical 
phonons. Whenever the lifetime of the thermal phonon 
(thermal relaxation time) falls below the time.period of 
the acoustic wave cycle, the interaction between 
individual phonon modes becomes insignificant and a 
macroscopic model of phonon gas comes into the 
picture. 

In the present communication, we have discussed 
the attenuation of compressional and shear wave 
propagating along <100>, <110), <11 1> and <112> 
crystallographic directions in KCN at 293 K. 

2 Theoretical Expressions Used for the Calculations 

The attenuation due to the phonon-viscosity 
mechanism {a^ and that due to the thermo-elastic 


phenomenon (a,i,) in the frequency range covered by 
the condition corn, I, are given as follows: 

Up = co^EoDt]r,J6p K® 

Here, the Griineisen number yj corresponding to the 
i-th phonon branch and deformation in the acoustic 
mode j, is given as a typical combination of second and 
third order elastic constants; 

where 7’ is the unit vector in the direction of phonon 
propagation, p is the displacement vector, Cj^p, and 
Cjkptqs represent the second and third order elastic 
constants (in tensor notation), the subscripts pqrs refer 
to thermal phonons, and is the effective elastic 
modulus for phonons, co is the angular frequency of 
acoustic waves and Eq is the internal energy per unit 
volume. The value of tj is equal to 1 for shear waves and 

2 for longitudinal waves, is the thermal phonon 
relaxation time which can be obtained from the 
relation 

Ah = (3'/" Pk/C,) {Cr^l^ + 2 • (3) 

and C„ is the specific heat per unit gram. D, the non 
linearity constant can be expressed as is 

T> = 9<(y;)’>-(3C,r/£o)<yiy 

where <y{> and are the average Griineisen 

numbers and their square averages over a particular 
number of pure modes according to the propagation 
direction. The value of I> has been calculated with the 
help of second and third order elastic constants® (used 
particularly in the calculation of <)^» and other data 
used in Eq. (4) (Refs 9-11). Other symbols have their 
usual meanings'^. In recent years, many workers 
•reviewed the work on ultrasonic attenuation and 
internal structure of solids^® 

3 Results and Discussion 

All the primary physical constants for KCN 
required for the evaluation of phonon viscosity loss 
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and thermo-elastic loss are listed in Table 1. Evaluated 
values of the nonlinearity constants D and the 
Gruneisen numbers along all the directions are given in 
Table 2. The ultrasonic absorption coefficients for 
KCN in terms of (a//^) are presented in Table 3. 

From the data of t,i„ one can check that the 
condition a)T,h 1 holds good in the entire ultrasonic 
frequency range. From Table 3 one infers that the 
values of ajp along the various directions are 
unequal, as in other fluorite-structure crystals^, cesium 
halides*^ and semicohductors^^’^^. 

The observation that the attenuation due to the 
phonon-viscosity mechanism is much higher than that 
due to thermo-elastic relaxation reveals that the major 
part of ultrasonic energy loss is used in achieving the 
equilibrium among different phonon branches and 
directions at various temperatures. The value of is 
found to be 0.01%-0.02% of in KCN. 

The low values of T,h can be expected due to the very 
low values of thermal conductivity, as observed in 
other dielectric crystals^^. 

As seen from Table 3, the acoustic attenuation for 
shear wave is greater than that for longitudinal wave 


Table 1 — Primary Physical Constants for KCN at 293 K 


Constants 

Symbol and unit 

Value 

Longitudinal wave velocity 

Pi(10’cm/s) 

3.549 

Shear wave velocity 

P,(105cm/s) 

0.963 

Debye average velocity 

k( 10* cm/s) 

1.098 

Specific heat per unit volume 

pC,(10’ergs/cc-K) 

0.575 

Internal energy density 

£„ (10^ crgs/cc) 

128.10 

Thermal relaxation time 

T,aiO'‘^s) 

21.620 

Debye temperature 

<)n(K) 

195 

Thermal conductivity 

ATWcm-'K -*) 

0.05 


along all propagation directions. This is not true for 
NaCl along <100> direction though KCN becomes 
NaCl-type crystal at room temperature. 

This discrepancy can be explained as follows : 

D(long) is greater than Z)(shear) for both NaCl and 
KCN along <100> direction. Therefore, the 
discrepancy arises due to very low value of shear wave 
velocity in comparison to longitudinal wave velocity 
(Table 1). This greater difference between longitudinal 
arid shear wave'^ velocity in KCN in comparison to 
NaCl arises due to anomalous behaviour of C44 at 
higher temperatures. 

Comparing the' values of (a y ’lAkh of KCN along 
<110> direction with the experimental values for KCl 
(same crystalline structure)^*^. it is found that 
longitudinal attenuation in KCN is observed to be 
0.6%, whereas in KCl it is found to be 3%. Here also, it 
should be noted that Ilfshear') is greater than T)(long) 
for both crystals. The higher ditTerence /between 
longitudinal and shear wave attenuation in KCN 
along < 1 10> in comparison to KCl may be understood 
as follows : 

First, the longitudinal constant Cm is about five 
times smaller and the transverse constants C,i2 and 
C,22 about eight times longer than those in KCl. 
Secondly, the difference between shear wave and 
longitudinal wave velocity due to anomalous 
behaviour of C44 is larger than that in KCl. It is 
interesting to note that the crystalline structure of 
KCN at room temperature alTects the ultrasonic 
attenuation along various propagation directions of 
the wave. 

It indicates that ultrasonic attenuation may be used 
as a versatile tool to know the internal structure of the 
crystal. 


Table 2 — Values < 7 ^), <(70^ > and D for KCN along Various Directions 


Parameter 

<100> 

<100> 

<110> 

<110> 

<110> 

<111> 

<111> . 

<112> 


long 

shear 

Long 

Shear 

Shear 

Long 

Shear 

Long 





polarizing ' 

polarizing 


polarizing 






along <iro> 

along <00 1> 


along <Tl0> 


<?{> 

0.2988 

— 

0.2065 

— 

— 

0.0668 

— 

-0.5679 

<(71)" > 

7.6344 

0.7116 

3.7708 

22.9520 

1.2367 

1.6900 

17.13,4 

11.3384 

0 

68.3574 

6.39 

33.769 

206.568 

1L1303 

15.1924 

154.2366 

100.7734 


Table 1 — Absorption Coefficients (a//^) for KCN along Various Directions at 293 K 


{ot//h 

.Long 

<100> 

Shear 

<100> 

Long 


317.9 

743.6 

157.0 

(10“''’dBs^cm' ') 

0.26 


0.124 

(10-'’'dBs^cm-‘) 





<110> 

<110> 

<110> 

<ni> 

<112> 

Shear 

Shear 

Long 

Shear 

Long 

polarizing 

polarizing 


polarizing 


along <1 10> 

along <001 > 


<uo> 


24038.6 

1295.2 

71.9 

17948.7 

468.7 




0.008 


0.96 
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Conventfonally, the indirect electron tunnelling current density has been evaluated by applying Fermi’s golden rule of the 
perturbation theory. But, its predictions of the latter have been found to be relatively smaller compared to the experimentally 
reported values by several orders of magnitude. A rigorous quantum mechanical account of the problem of indirect tunnelling 
is first presented and then an attempt has been made to obtain an expression for the indirect tunnelling current density based 
upon the cdnent continuity equation. The current density obtained in this manner is considerably larger compared to the 
golden rule predictions mentioned earlier and is found to be closer to the reported experimental values. 


1 Introduction 

The direct tunnelling transitions across a potential 
barrier are initiated by large scale electron potential 
energy fluctuations^ If, on the other hand, such 
transitions are caused by small time-dependent 
perturbations in the electron barrier Hamiltonian, the 
process' has' been termed as the indirect tunnelling 
Such perturbations may either be induced by photons 
emitted or the vibrational modes of the lattice excited 
during tunnelling transitions of electrons between 
different energy levels on either side of the potential 
barrier. Such processes provide additional paths or 
channels to the flow of tunnelling current. If v happens 
to be the frequency of the excitations generated by the 
tunnelling electron, one is expected to observe a kink 
or a discontinuity at an applied bias V{ = hvlq)m the /- 
V, (d//d V)- V, or (d^ //d V^)- V characteristics of tunnel 
junctions at very low temperatures’’^. Thus, by 
employing this technique, one would easily be able to 
determine the detailed vibrational spectrum of 
molecular species present within the potential barrier. 
Its basic advantage or usefulness over conventional 
optical techniques, e.g. Raman or infrared spectros- 
copies, is its greater sensitivity. Several of its useful 
applications in recent years have led to the 
development of a new branch of investigation now 
known as the Inelastic Electron Tunnelling 
Spectroscopy (lETS) as a very sensitive probe to 
investigate the spectra of materials^. 

But, in spite of such remarkable experimental 
achievements in this area, the indirect electron 
tunnelling is interpreted even now in terms of the 
Fermi’s golden rule of the time-dependent per- 
turbation theory. Also, the indirect tunnelling current 
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density obtained on the basis of the latter has been 
found to fall short by several orders of magnitude 
(typically 10^) relative to experimentally reported 
values®. The expression of the former, on the other 
hand, represents the transition rate which dimen- 
sionally is also not equivalent to the current density. In 
this paper, we first present a rigorous quantum 
mechanical analysis of the phenomenon of indirect 
tunnelling and next attempt to obtain an expression for 
the indirect electron tunnelling current density based 
upon the current continuity equation. The current 
density computed on the basis of this model is found to 
be larger by several orders of magnitude relative to 
golden rule predictions and is closer to experimental 
predictions. This current density is however to be 
superimposed upon the direct current density 
expression reported earlier^, to arrive at the net result. 

2 Theory 

The electron potential energy during the indirect 
tunnelling process may be isolated as 

V{x, l)=Vj{x)+ V^coscopt .-.(1) 

where Fi(a) denotes the electron potential energy as 
given by the barrier shape whereas the second term 
represents the perturbation induced by external 
agents. The electron Hamiltonian in the barrier region 
may then be expressed as 

+ (say) ...(2) 

The unperturbed wave equation for the electron 
however is 

Ho il'o (-V, 7) = i ^ 7) ■ • • (3) 
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On assuming tpoix, = Eq. (3) further 

reduces to 


^ 1 d^Xjx) 

2m X{x) dx^ 


in dT{t) „ 

-TwTr"'®' 



where the separation constant £, measures the total 
electron energy before incidence of electrons upon the 
barrier. The solutions of space and time parts of Eq. (4) 
may then be expressed as 

;i',(x) = aF(A') 

XXx) = pG{x) ...(5) 

and 


T(t) = yexp(-iEit/fi) -..(6) 

where a, P and y are arbitrary constants. 

Now, if we regard the electron Hamiltonian to be 
perturbed in accordance with Eq. (2), the barrier 
wavefunction may then be written on the basis of the 
time-dependent perturbation theory as 

ipixf t) = bfy) 2',(a') exp ( - iE'i t/fz) 

+ br{i)X,{x)Qxp{~iE,t/1i) . . .(7) 


where b^{t) and b^t) are the appropriate time- 
dependent coefficients to be evaluated. E^ and E^ 
respectively denote the energies of the two states on 
either side of the barrier between which the indirect 
tunnelling transition is presumed to be occurring. The 
wavefunction in Eq. (7) must now satisfy the perturbed 
wave equation, viz. 


H i/z(a, t) = ifi^iACx, t) . . .(8) 

Combining Eqs (7) and (8) and upon simplification, 
one gets, 

\'hh^{^()X^(^x) -t- \%bXi)XXx)Q\p(^\(Oy,i) 

= -t- bXt)H, 2r,bv)exp(iaj„0 . . .(9) 

where 

"ir =."i - (^t = {Ei - E^lh . . . (10) 

Next, on multiplying Eq. (9) successively by Xfd.v and 
X* d A and on integrating between barrier extremities Xj 
and A-„ one gets the following two equations 

= /Zi(/)cos (Op/. 5|| 

+ bXOcos (Opt. i'l^explicoir/) - . ^(11) 

and 

\Tibf{t)Rri + i^'/^(/)7?„exp(icO|r/) 

= /Zi(/)cos(Op/. S,| 

+ b,{t)cos(Opt . S„cxp{i(o,,t) ...(12) 


where 




and 


Sftr — 


X*X,dx 


X*V,X,.dx 


On combining Eqs (11) and (12), one finds 
i tibiO) = Ml I bi(t)cos (dpt 

Mil Wcos cOp /exp (i coi, t) 

and 

itthXi) = Miib\(t)cos tOp/exp(-i(o,r/) 
-l-MiaWOcoscOp/ . 

where 

G\\Rrr~ SrlRlr 


...(13) 

...(14) 

...(15) 

...(16) 


Mii = 

Mi2 = 

M2i = 
M 22 — 


R\\Rfr ~ RuRn 
R\tRtr ~ ‘^rrT^lr 

R\\Rit ~~ RhRrl 

RuRq ~ ‘^ll7?rl 
RliRrr ~~ RlrRrl 

Rll G.rr ~ GifRri 


...(17) 

. RllRrr ~ RlrRrl 

Eqs (15) and (1^ may further be simplified and 
rewritten for convenience, as follows 

*i(^) = (exp (icop /) 


-h-exp ( - i cOp /) } -)- Ml 2 6,(/) 

X {exp[i((Up-f- co,r)/]-l-exp(iA(w/)}] ...(18) 

and 

^r(0 = ^LM2ib,(/){exp[-iAcot) 

+ exp[- i(cOi, -h (Op)/]} + M22WO 
X {exp(icOp/)-fexp(-i(Up/)}] 

where co,, — C 0 p = Aco. Now, if we carefully exaiW"® 
Eqs (18) and (19) we find that 6,(/) and b^t) are rapidly 
changing harmonic functions of time unless Aco 0(or 
(Op = CO, — CO,). Thus, any electronic transitions 
between levels is noticeable only under this resonant 
condition. Therefore, on ignoring contributions due to 
high frequency terms, which in any case would be 
insignificant, we may rewrite Eqs (18) and (19) as 
follows : 


bi(/) == {exp (i Acu / } . i),(/) ... (20) 

and , 

"" W (exp( - lAco/) ) .^,(/) . . . (21) 
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On combining Eqs (20) and (21), we finally get, 
b\{t) - icobM + {QVAMt) = 0 ... (22) 

and 

b\it) + iwbXt) + {^V4)bXt) = 0 ... (23) 

where 

Q.^=^Mi2-M2i/b^ --.(24) 

Now, Eq. (22) and (23) are to be solved for biit) and 
b^t). The initial conditions of the problem are 6i(0) = 1 
and Z?,(0) = 0. To solve for b^t), we may presume a trial 
solution of the type 

fe,(r) = exp(i^0 ...(25) 

On combining Eqs (23) and (25), one findSj 

P = j(-Ao}±R) ...(26) 

where 

R=iA(o^ + Q.Yi^ ...(27) 

Thus fi is seen to be a very small quantity as both Aoj 
and n happen to be small. Hence, the most general 
solution for 6X0 niay be expressed as 

6r(0 = ^ 1 {exp (i/? 1 0 + 2 exp (j 0 } ... (28) 

But, as 6,(0) = 0 = Ai+A 2, Eq.'(28) simplifies to : 
bXt) = A [exp ( — i Aoji / 2) } . sin (i? r/ 2) ... (29) 

where A=liAi. Similarly, we may presume 

6i(0 = exp (i 60 • ■ • (30) 

On combining Eqs (30) and (22), we get 
0=i(Aw±i?) ...(31) 

Hence 


6,(0 = exp(iAcul/2)[cos(i?r /2) 

-(i Am/7?) sin (i?7’/2)] ..'.(36) 

From Eq. (36), we may readily obtain 


|6.(0p = cos^(7?7’/2) 

+ (Acy)2/[(Am)2 + {RT /I) . .,.(37) 

which expresses the electron intensity in the state Ex as 
a function of time. Next, in order to determine A, we 
combine Eqs (21) and (3Q to get 

6,(0 = M 1 2/2i6 exp ( — i Aon (I) 

X [cos(i?r/2)-(iAm/J?)sin(i?7’/2)] .'..(38) 

On differentiating Eq. (29) and on equating to Eq. (38), 
we then get at / = 0 


/I = 


i-^21 

fiR 


...(39) 


Hence, from Eq. (29), one may write 


6,(0 = M2i/i6i?[exp(~iAajr/2)] 

xsin(7?r/2) ...(40) 

From Eq. (40), we may also derive, 


|6r(0p = 


(Aw)^ + 


sm^ 


,RT 


..(41) 


which measures the electron intensity in the state j?,. 
On combining Eqs (37) and (41), it follows that 

N0P + 16,(0P = 1 ...(42) 


at all times. We may note that 6,(0 = 1 and 6,(0 = 0 
successively whenever i = 2nniR (where n = 0, 1, 2, 
3, . . .). Thus, the electronic transitions between levels 
alternate with a characteristic frequency R/ln which is 
quite small. 


b\{i) = 5i {exp (10, 0 + B2exp(i02 0} . • .(32) 

Since 6,(0) = I, = I — 82- Then, on combining Eqs 
(31) and (32), we get 

6,(0 = exp (i Am 1/2) 

X [cos {RTjl) + Bsin {RTjl)] . . . (33) 

where 5 = /(25, — 1). Now, only the constants^ and B 
involved in Eqs (29) and (33) remain to be evaluated. 
To determine B first, we combine Eqs (20) and (29) to 
get 

xsin{7?7'/2) ...(34) 

Next, on differentiating Eq. (33) and comparing with 
Eq. (34), we get at / = 0 

B = {-\AoylR) ...(35) 

Next, on substituting for B in Eq. (33), we get 


2.1 Probability Density 

The electron probability density due to indirect 
tunnelling may now be expressed as follows: 

P{x, 0 = 0</'(.v, 0 

= l6,(0P.|A',(.v)P 
+ K(0p.|^,(.v)P 
+ [6,6*A',A'fexp( — io;,r0 
+ 6,*6,T',*A',exp(im,,0] 

= C + 7) + F(say) --.(43) 

where 

c= 16,(0 |^.|;ir,(.v)p 

= [cos^(/?r/2) + (Am/7?)"sin''(i?r/2)]. jA'.f.vlP 
-|A',(.v)P ...(44) 

Z) = l6,(0p.l2r,(x)p 

M\M2,\^lb^R^).s\nHRTI2).\X,{xf ...(45) 
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and 

F=^{M2,XrXJfiR) 

X [sin/?7’.sina)pr 

+ (2 Aw//?) . sin ^ (/?/'/ 2) . cos Wp l] ... (46) 

Since F involves high frequency terms (involving cOp), 
its contribution to observable and finite probability 
density would once again be insignificant. Hence, 
observable P{x, t) would only arise due to C and D. 


2.2 Tunnelling Current Density 

The indirect tunnelling current density may now be 
computed by using the equation of continuity as 
follows : 


J = q 


■'■oP(.v, /) 


ot 


d.Y 


...(47) 


where .V, and A'r denote the classical turning points of 
the potential barrier. Therefore, on combining Eqs (43) 
and (47), we find 

, _ , sin/?Tj 

= 7oi^ (say) ...(48) 

where 

yoi = r/!4/2ip/?„Ti/2ft^ ...(49) 


Ti denotes the interaction lime of the electron with the 
agency responsible for indirect tunnelling. Now, as the 
phase of the current density expression in Eq. (48) is 
totally uncertain owing to the randomness in the 
incidence of electrons, the net indirect tunnelling 
current density produced by a group of incident 
electrons of density pi(£i)/j(/r|)d£j having random 
phase differences is then given bj' 

X Y (sinip/^) ...(50) 

it'- -x 


where ip = Ri^. But, from Eq. (27) we notice that R^ 
= (A(o)' + ~(A(o)^. That is R — hw={EEIti) so 
that d(/' = T,d/? = T,c/// where t denotes the energy 
difference between consecutive energy levels at the 
transmitted end. \Vc may now convert’ the summation 
in Eq. (50) into a convenient integral by multiplying 
with (/;/;:i;)drp(= 1) as given below; 

d/i = 7oi/h(^'i)./i(^i)dE| 


X 



sin (P ii , 

dtp 

'P rr,- 


...(5!) 


On integrating Eq. (51) and on substituting 
\ = Pr(^i - 7rWp){l -X(E, - 7/Wp)}Qv 

where denotes the volume of the electrode on the far 
side to which tunnelling is occurring, we get^ 

dJ, = (nmjzdJoiP^iEdMEd 

X p,(£, -/rwp){l -/,(E, -.t^Wp) }dE, . . .(52) 

Thus on integrating Eq. (52) over appropriate limits of 
Ef which would be bias dependent, one arrives at an 
expression for the indirect tunnelling current density 
corresponding to the participation of a quantum of 
energy ^Wp. This, however, is to be superimposed upon 
the direct current component to arrive at the net effect. 
Jt is worthwhile to compare Eq. (52) with the current 
density obtained on the golden rule of the perturbation 
theory which is being appended below: 

dJ.,^==(2nq'/R)\S,,\[p,{E,)MEd 

X p,(Ei - /? COp) { 1 - fXEi - ft COp) j d£, ... (53) 

Eq. (53), in fact, represents the transition probability 
per unit time and does not possess the dimensions of 
current density. In order to compare the relative 
magnitudes of the two current densities, we divide Eq. 
(52) by Eq. (53) to get 



...(54) 


for a rectangular potential barrier of height vq where 
■/Y =(2m/ti^){vQ — E) and = (2inEltF). Jt is easy to 
notice that the ratio of the two current densities is 
typically around 10^. The. experimentally obseiA'ed 
current density is also greater compared to the golden 
rule predictions by this order of magnitude. We would, 
therefore, expect that the predictions of Eq. (52) would 
be closer to experimental results. 

We would next attempt to evaluate Eq. (52) for a 
rectangular type of a potential barrier. On presuming 
f}(E,) = 1 and f,{E,- tiWp) = 0 at the low temperature 
at which the indirect tunnelling experiments are 
performed, we obtain on substituting the appropriate 
values of physical quantities in Eq. (52) 


Ji^C 

where 




E^'^iE-Ttw^dE 


...(55) 


^ _ 2 ‘ Tt*' 9 m*a,. E| exp ( - 2>: IT) 

• • • 

On integrating Eq. (55). we get the closed form 
expression for the indirect tunnelling current density as 
given below; 
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{qV){fi(jj^ 
■ 12 


8 8 


X In 


{qV — jf {qVy-^\-(^i(o^^^^ 
{qV -'h(o^^ -XqVY''^ . 



The dependence of the indirect tunnelling current 
density produced by a quantum of energy tioi^ as a 
function of the applied voltage V is thus expressed by 
Eq. (57). The barrier height and the width enter .the 
expression through the constant C expressed in Eq. 


(56). Its mathematical form, is however, the same as 
predicted by the golden rule of the perturbation 
theory. 
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Profile of Vapour Layer on a Liquid 
Surface — Mathematical Model 
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The study of the properties of the inhomogeneous vapour layer 
over a liquid surface is of interest in atmospheric optics. The optical 
properties of this variable refractive index boundary layer have been 
determined using an ellipsometer. Using these data, a mathematical 
model for the refractive index variation ' along the thickness 
dimension of the vapour layer has been computed. 

The Study of vapour layer over a liquid surface is of 
interest in atniospheric optics ^ The water-air interface 
consists of a boundary layer whose composition varies 
from the boundary near water to the boundary near 
air. This boundary layer is an inhomogeneous layer 
whose refractive index varies from that of water to air. 
The equivalent refractive index and thickness of this 
vapour layer can be determined using an ellipsometer. 
The interpretation of these values in terms of an 
equivalent multilayer and its refractive index profile 
are reported in this note. 

A symmetrical multilayer is equivalent to a single 
homogeneous film with equivalent index of refraction 
TVe and equivalent thickness T^. The usual way to 
compute Ne and Tg for homogeneous multilayers is to 
compute the multilayer matrix as a product of the 
■ matrices of the individual homogeneous layers^. 

An inhomogeneous film is equivalent to a multilayer 
in a similar way^. This multilayer is, however, 
asymmetric and is a pile of thin films in which each 
discrete film is homogeneous. Its refractive index is 
constant and can be represented by a matrix which is 
the characteristic matrix of the film"^. This can be 
extended to a pile of thin homogeneous films and the 
resultant matrix is obtained by the product of these 
matrices taken in the correct order. This fiqal matrix 
represents the characteristic matrix for the equivalent 
film which is given by 

~»hx mi 2 “ 

«' 22 _ 

where niu =m 22 = 1 for maximum thickness which is 
sufficiently small. 

^ r 1 

'”12 = X — sin(/coU;<5cjCos0j-) 

\_Pj 

■s 

'”21 = X [P;sin(/conj^-jCOS<?j)] 


where N is the number of films in multilayer and p 
= cos 0 for transverse electric (TE) wave. The 

same equations hold good for transverse magnetic 
(TM) wave with p replaced hy q = (j.i/ e)^'^cos 6, where 
e, p, n, 6 are dielectric constant, magnetic permeability, 
refractive index and angle of incidence respectively. 
The reflection and transmission coefficients in terms of 
the elements of the characteristic matrix are given by 

r _ Nii +Wi 2 Pi)Pi +m22Pi) 

" (mii+mi2Pi)Pi+{m2i+m22Pi) 

for TE wave 

^ _ (m’ii +m'i2gi)qi +m22gi) 

P ■ (m'lj +mi20i)9i +(^21 + ” 122 ^ 1 ) 

for TM wave 

from which ellipsometric parameters A, <1/ can be 
obtained. 

This concept of a multilayer equivalent of an 
inhomogeneous film is best explained by the respective 
refractive index profiles of a given system. A minimum 
of two parameters are required for a refractive index 
profile, namely, the refractive indices and 112 , at the 
surfaces of the inhomogeneous layer. 

In addition, we have an important parameter used in 
defining the profile. This parameter is the equivalent 
thickness Tg which is defined as the thickness of the 
equivalent film, from which we can derive experimental 
values using mathematical model. The equivalent 
index Ng is defined as the refractive index for the 
equivalent film of the inhomogeneous boundary layer. 

At an angle of incidence 75°, with a source of light of 
5893 A wavelength, the phase difference A and azimuth 
t}/ of the water-water vapour-air layer have been 
determined by means of an ellipsometer designed for 
this purpose, jn our laboratory, and were obtained as 
5.4° and 34.07° respectively. 

Using Vasicek’s method^ the equivalent refractive' 
index A'g and the corresponding thickness Tg are 
obtained as 1.23 and 1317.3A respectively. 

For the refractive index profile, we have the 
necessary parameters Tg = 1 3 1 7.3 A (on X-axis) and n, 
= 1 , 112 — 1.33 (on Y-axis) in Fig; 1. Different profiles 
are drawn as shown in Fig. 1 and the characteristic 
matrix for each profile is computed, which finally gives 
values of the ellipsometric parameters. The exact 
profile which suits the experimental values is located by 
curve fitting technique as shown in Fig. 2. The point of 
intersection of the two curves : 1, n'vs A and 2, n vs i/', 
extrapolated at a particular thickness (I from Fig. I, 
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Fig. 1 — Variation of refractive index with thickness. Curve 2 is the 
one which fits the experimental ellipsometric values 


gives the n value. This variable (n, d) fixes the exact 
profile (curve 2) in Fig. 1. 

This profile is taken as the suitable model for the 
given inhomogeneous water-water vapour-air layer. 
The characteristic matrix for this profile is obtained as 


'mil 

mi2 



1.3821 i 

_m2i 

m22_ 


0.7586 i 

1 


for TE wave 


"mil mi2 


' . 1 

2.0542 i" 

m '21 m '22 

— J 


0.4959 i 

1 


for TM wave 



Fig. 2 — Location of the exact profile which suits the experimental 
values. Curve 1, n vs A and curve 2, n vs >j/. The pwint of intersection 
^ves (n, d). 


After calculations for and in terms of i, mi 2 , 
mji, m 22 and m'u, m\ 2 , w' 21 , tn '22 we get A = 5.43°, 

= 34.9° which are nearer the experimental values. 

On the day of the experiment, relative hurnidity and 
room temperature were observed to be 43 % and 26°C 
respectively. 
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Soil Samples of Different Particle Sizes 
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The effect of grain size (d) on the linear (ft) and mass (fi^ 
attenuation coefficients of uncompacted soil samples has been tested 
in the energy range of 279 to 1250 keV. Values of ft and /<„ are found 
to decrease with increasein grain diameter of soil particles. The rate 
of change of fi'or ft„ with d varies inversely with photon energy. The 
half-value layer (/, 2 ) increases directly with <7 but the rate of change 
of /| 2 with d is independent of photon energy in contrast with the 
results of El-Kamel etal.^ [Indian J Pure & AppI Phys, 2i (1983)457] 

Gameel et al} and El-Kamel et al.^ suggested the use 
of compacted clay for shielding of radiations to safety 
levels. Both the groups studied the change in 
attenuation coefficients caused by the grain diameter 
of clay particles. El-Kamel et al} reported that the 
linear attenuation coefficient (ji) decreases with 
increase in diameter of the particles {d) and that the rate 
of change of /i with ^^changes inversely with the photon 
energy (£), in the energy range 356-1250 keV. They 
also studied variation of half-value layer with r/ and E. 
Their results in graphical form indicate that the rate of 
change of half value layer (/j 2 ) with d varies directly 
with E. 

In our present study, the findings of El-Kamel et al} 
have been tested in uncompacted soil samples of 
different grain diameters. The effect of don linear (/i) 
and mass (/O attenuation coefficients was in- 
vestigated using gamma rays from ^®^Hg (279 keV), 
‘^^Ba(350keV), ‘^^Cs(662 keV) and ‘’‘’Co( 1 250 keV). 
The study of i, 2 was also undertaken. The sources 
were obtained from the Bhabha Atomic Research 
Centre, Bombay. Each source was housed in a lead 
container and properly shielded. A 3.81 x 3.81 cm^ 
Nal(Tl) crystal scintillator optically coupled to RCA 
6199 photomultiplier along with the assembly of 
amplifier, single channel analyser, scaler and recorder, 
was used for the spectroscopy of radiations. The 
gamma ray counting sequence and method of analysis 
suggested by Conner ct at} were adopted for 
measurement of attenuation coefficients using narrow 
beam-collimated geometry (sample-detector solid 
angle <0.5 x 10~‘*sr). Samples were prepared by 


* Present address: Department of Physics. Punjab Agricultural 
University. Ludhiana 


sieving the oven-dried soil through a set of standard 
sieves: 0.308, 0.222, 0.160, 0.133 and 0.107 mm. The 
samples were filled in perspex boxes of 3 cm width 
under natural compaction. To calculate the density 
values of soil samples were measured using 
mass/volume relation. The results are discussed in the 
following. 

From a fi vs d plot (Fig. 1), it is clear that for all 
energies, // decreases with increase of d. // can be related 



Fig. 1 — Variations of linear attenuation coefTicienl (//) and half 
value layer (/,, 2 ) with grain diameter (d) 



0 0.1 0.2 0.3 

d, cm 


Fig. 2 — Variation of mass attenuation coefficient (//„) with grain 
diameter (d) 
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to d according to the following empirical relation given 
by El-Kamel ei al/: 

-ad+k for 0.107 <</^0.308 

where a is the rate of change of n with dil.e. slope of fi-d 
curve). With the. increase in photon energy E, slope a 
decreases. As E increases from 279 to 1250 keV,, the 
slope decreases from 0.181 to to 0.053. These results 
for uncompacted soil are similar in all respects to the 
results of El-Kamel et al} who used targets of clay 
under 10 ton/cm^ pressure. 

Further, the value of has also been found to 
decrease linearly with increase in d (Fig. 2) and is 
related by 

-6d-t-/c for 0.107<d^308 

where b is the rate of change of with d. With the 
increase of photon energy, b decreases. As energy 
increases from 279 to 1250 keV, b decreases from 0.083 
to 0.020. However, this change is small compared with 
the linear attenuation coefficient but significant and 
outside the limit of errors. As neither El-Kamel et al} 


nor anyone else has conducted this type of study, it is 
not possible to compare these results. 

The values of tii 2 were evaluated for all photon 
energies from the present data. It is found that ti ,2 
increases linearly with increase of d(Fig: 1) and can be 
related as: 

/i /2 =crf-f A: for 0.107^^^0.308 

where c is the rate of change of with d. 

The value of the slope c was found constant in the 
energy range 279-1250 keV. This is in contradiction to 
the results of El-Kamel e/ al} who showed in one of 
their plots that in the nearly same energy'region, this 
slope increases linearly with the increase of photon 
energy. 
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The random phase approximation (RPA) has been employed 
within the semi-empirical CNDO/S framework to incorporate 
correlation effects in calculating transition energies and oscillator 
strengths of singlet-* singlet electronic transitions in some planar 
aromatic molecules with Cj,. symmetry. The results are compared 
with those of the CNDO/S-Cl and experimental data. 

The calculation of dynamical properties of molecules 
like transition energy, oscillator strength, static and 
dynamic polarizability, etc. involves not just a ‘good’ 
(approximate) ground molecular state; a reasonable 
description of the excited manifold also becomes 
crucial in this context. Hence, one has to go beyond the 
independent particle (Hartree Fock, HF) model to 
incorporate electron correlation in the ground as well 
as excited electronic states of the molecule. The HF 
molecular orbitals can be generated by using any one 
of the several variants of the LCAO-MO-SCF schemes 
which have been developed with varying degrees of 
complexity and success*’^. Insofar as actual 
computation within a semi-empirical framework is 
concerned, as is feasible or convenient in practice for 
large molecular systems, application of the CNDO/S- 
CI method of Del Bene and Jaffe^ has been found 
profitable'^" In this scheme correlated excited states 
are generated by performing a limited Cl composed 
entirely of singly-excited configurations, but the 
ground state is left uncorrelated (i.e., the HF function is 
employed). Stated in the equations of motion (EOM) 
language* this scheme amounts to working in the 
Tamm Dancoff approximation^* (TDA). Naturally, it 
is expected that results should improve if electron 
correlation effects are included in the ground state as 
well through the random phase approximation (RPA), 
for example. 

In this note, transition energies and oscillator 
strengths of selected molecules calculated by the 
CNDO/S and RPA combination have been compared 
with experimental and other reported results*. 


Calculational scheme — The CNDO/S model Hamil- 
tonian'* and parameters* have been used to generate 
the ground state of the molecule which is assumed to 
have idealized geometry (see Ref. 22) for relevant bond 
angles and bond distances). The RPA transition 
energies (cOj}, appear as the eigenvalues of 



B\/X 


-A Y 




A is the (NXN) hermitian, TDA matrix, B a (NXN) 
symmetric matrix and N the chosen number of one- 
hole one-particle pairs; explicit expressions for the 
matrix elements are given in reference 19. 

In general, two approaches are in vogue for solving 
Eq. ( 1 ) : (a) the (2N x 2N) non-hermitian, RPA matrix is 
diagonalized straightforwardly^®’ to obtain co, X, Y, 
(b) the (2N x 2N) RPA matrix is first transformed to a 
(N X N) hermitian matrix and then diagonalized^"* 
However, a transformation scheme different from that 
mentioned in (b) has been used in this work whereby <u, 
X, Y are all obtained by diagonalization of a (A^ x N) 
hermitian matrix via a highly convergent iterative 
pathway. The scheme has been outlined in the 
Appendix. 

For a particular electronic transition, the oscillator 
strength (/), in the dipole length approximation, is 
given*® by: 


/=|co|£»p 


...( 2 ) 


where 


= v/2E [A(ma) -1- Y{m<x)']d„^ ... (3) 

ma 

and d„, = <m|r|a> ...(4) 

Results and discussion — The results of the CNDO/S- 
RPA calculation of transition energies and oscillator 
strengths for low-energy transitions are presented in 
Tables 1-4. Attention has been restricted to planar 
molecules with C 2 „ point group symmetry, containing 
not less than eight atoms and not more than forty 

atomic orbitals in the basis set. The symmetry 

assignment of the excited state associated with a 
transition has been emphasized in comparing 
theoretical results with experimental data. 

In order to keep the RPA matrix dimension within 
workable limits, the following procedure has been 
adopted : (a) the one-hole one-particle pairs have been 
generated from the ten highest-occupied and ten 
lowest-unoccupied molecular orbitals resulting in a 
(200 X 200) unsymmetric RPA matrix, (b) this matrix 
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Table 1 — Calculated & Experimental ‘Tn — Transition Energies (co in eV) & Oscillator Strengths (/), for Pyridine, 


Method; n 

Pyridazine, Pyrimidine, Pyrazine, 
CNDO/S-RPA 

s-Triazine & s-Tetrazine 

Experimental 


CNDO/S-CI 


Symmetry io(f) 

Symmetry 

Symmetry w{f) 

Pyridine’’-'^ 2 

B, 

4.22(0.006) 

0. 

4.27^(0.003) 

01 

4.2(0.00) 

3 

B^ 

4.84(0.118) 

02 

4.84°(0.030) 

02 

4.9(0.06) 

3 

A. 

5.77(0.111) 

A, 

6.17°(0.200) 

A, 

6.0(0.22) 

3 

A, 

6.35(0.755) 

A, 

02 

6.99'''^(1.30) 

Ai 

6.8 

3 

B, 

6.45(0.749) 


02 

6.8(0.76) 

Pyridazine'’’’^ 2 

B. 

3.47(0.013) 

Bi 

3.30^(0.006) 

01 

3.3(0.008) 

3 

Ai 

4.66(0.099) 

Ai 

4.90° (0.020) 

Ai 

6.1(0.11) 

3 


5.47(0.065) 

02 

6.20°(0.10) 

02 

5.1(0.05) 

3 

2 

02 

B, 

6.04(0.713) 

6.36(0.002) 

. 01 

6.39^(0.01) 

B, 

6.2(0.005) 

Pyrimidine’’’'^ 3 

B. 

3.79(0.010) 

0, 

3.85^(0.007) 

01 

4.2(0.012) 

3 

02 

4.80(0.119) 

02 

5.00(0.052) 

02 

5.1(0.07) 

3 

Bi 

6.26(0.012) 

01 

6.42^(0.005) 

01 

6.4(0.005) 

3 

A, 

5.36(0.047) 

A, 

6.49°(0.160) 

A, 

6.1(0.11) 

3 

A, 

6.22(0.668) 


6.98(0.250) 

A, 

7.1(0.63) 

3 

02 

6.30(0.613) 


02 - 

7.1(0.62) 

Pyrazine’’’' 3 

B, 

3.17(0.007) 

01 

3.83^(0.010) 

01 

3.2(0.006) 

3 

02 

4.61(0.205) 

02 

4.81°(0.100) 

02 

4.8(0.160) 

3 

Ai 

5.92(0.177) 

Ai 

6.31°(0.145) 

Al 

6.3(0.12) 

3 

A. 

6.54(0.562) 


6.69S(-) 

Ai 

7.2(0.48) 

3 

02 

6.91(0.559) 

02 

6.84^(0.250) 

02 

7.5(0.97) 

Syrntriazine”'*’ 3 

0. 

3.91(0.000) 

Bi 

3.91(0.018) 

B. 

4.6(0.027) 

3 

A 2 

3.94(-) 

A 2 

4.03(-) 

Az 

4.5(-) 

3 

A, 

5.42(0.025) 

A 2 

5.46(0.002) 

A 2 

5.6(0.0) 

3 

A 2 

6.59(-) 

(-) 

6.92(-) 

02 

A, 

7.2(0.62) 

s-Tetrazine'’’” 3 

01 

2.59(0.017) 

01 

2.25(0.004) 

01 

2.6(0.018) 

3 

01 

4.18(0.000) 

Bi 

3.87(0.001) 

01 

6.7(0.01) 

3 

02 

4.18(0.214) 

02 

4.40''°(-) 

02 

4.9(0.15) 

“Description of spectra; S, sharp, D, diffuse, VD,very diffused, C, continuous. This convention applies to all the Tables. 

’’CNDO/S-CI results; Ellis et al^ 
“’Experimental results; Refs [28, 30] 
“’Experimental results; Refs [30, 31] 







Table 2 — Calculated & Experimental Transition Energies (cu eV) & Oscillator Strengths (/), for Pyrrole & Furan 


Method; 

n 

CNDO/S-RPA 

Experimental 

CNDO/S-CI 

lllUlCwUlw 


Symmetry 

wC/) 

Symmetry w(/) 

Symmetry 

«(/) 

pyrrole® 

3 

02 

5.03(0.188) 

02 5.7(-) 

02 

5.0(0.080) 


3 

Ai 

5.68(0.014) 

A, 6.5(-) 

Ai 

5.4(0.006) 


3 

02 

7.29(0.147) 

02 7.1(-) 

02 

7.0(0.129) 

Furan’’ 


B 2 

4.26(0.238) 

Bz 5.58 

02 

5.2(0.078) 





to (0.12) 





02 

7.13(0.114) 

6.42 

02 

7.3(0.097) 



Ai 

5.37(0.178) 

A, 6.42 

A, 

5.8(0.009) 





to (0.078) 





A. 

6.31(0.357) 

7.18 

A, 

7.3(0.368) 


“CNDO/S-Cl & experimental results; Del Bene & JalTe® 
'’CNDO/S-Cl results Del Bene & JalTe^ 

‘^Experimental results; Ref. [29] 
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Table 3 — Calculated and Experimental *‘Pn<-*'Po Transition Energies (cu, in eV) and Oscillator Strengths (J) for 

Fluorobenzene, o-, m- and p-Difluorobenzenes 


Method : 

n 

CNDO/S-RPA 

Molecule 






Symmetry 

lo{f) 

Fluorobenzene® 

3 

Bj 

4.73(0.015) 

(FBZ) 

3 

A, 

6.18(0.826) 


3 

A, 

7.51(0.001) 


3 

B, 

7.52(0.001) 

ortho-diFBz* 

3 

Ai 

4.63(0.013) 


3 

B. 

5,45(0.074) 


3 

B, 

5.92(0.795) 


3 

Ai 

5.93(0.938) 

meta-diFBz* 

3 

Ba 

4.65(0.021) 


3 

Ai 

5.50(0.040) 


3 

B2 

5.99(0.947) 

paradiFBz® 

3 

B2 

4.59(0.067) 


3 

A, 

5.42(0.097) 


3 

B2 

5.91(0.767) 


3 


6.09(0.815) 


“CNDO/S-CI and experimental results: Kuehenlenz and Jane- 


Experimental CNDO/S-CI 


Symmetry to{J) 

Symmetry 

Oi{f) 

4.84(0.003) 

Bi 

4:8(0.002) 

6.19(0.150) 

Ai 

6.0(0.24) 

7!oO(1.433) 

Ai 

6.7(0.863) 


B, 

6.7(0.981) 


B, 

4.6(0.017) 


A, 

5.7(0,065) 


B. 

6.5(0.816) 


(-) 

6.6(1.56) 

4.7(0.010) 

B, 

4.6(0.017) 

6.1(0.080) 

A. 

5.9(0.016) 


. B, 

6.7(1.125) 

4.6(0.022) 

Bi 

4.6(0.040) 

6.1(0.070) 

A, 

5.8(0.080) 


Bi 

6.7(0.793) 


A, 

6.8(1.159) 


Table 4— Calculated & Experimental 'Tn<-‘'Po Transition Energies {to in eV) & Oscillator Strengths (/) for Benzene, 

Aniline, Phenoxide Ion & p-Benzoquinone 


Method : 

n . 

CNDO/S-RPA 


Experimental 


CNDO/S-Cl 

molecule 










Symmetry 

toif) 

Symmetry co{f) 

Symmetry co{/) 

Benzene® 

3 

B2 

4.84(0.004) 

B2 

4.72^(0.001) 

Bz 

4.7(0.000) 


3 

B2 

6.45(1.150) 

B2 

6.07*^(0.010) 

B. , 

5.2(0.000) 


2 

Bi 

6.65(0.000) 






2 

B, 

6.74(0.000) 

B. 

6.93^(0.69) 

Bi 

6.9(0.593) 





B2 


B^ 


Aniline*’ 

3 

B2 

4.48(0.072) 

Bz 

4.4(0.028) 

B2 

4.4(0.023) 


3 

Ai 

5.23(0.261) 

A, 

5.4(0.144) 

Ai 

4.7(0.041) 


3 

A, 

6.18(0.607) 

A. 

6.4(0.510) 

Ai 

6.5(0.491) 


3 

Bj 

5.96(0.644) 

B. 

6.9(0.570) 

B2 

6.6(0.434) 

Phenoxide 

3 

B, 

3.92(0.116) 

B2 

4.3(-) 


3.8(0.048) 

ion*’ 

3 

A, 

4.66(0.424) 

A. 

5.3(-) 

Ai 

4.5(0.120) 

para- 

2 

^2 

2.31 (-) 


2.48 

A 2 

2.31 

Benzoquinone' 

2 

^2 

2.36(-) 

Az 

2.49 

A 2 

2.37 


3 

B2 

3.71(0.000) 

^2 

2.52 

B 2 

3.78 


3 

A, 

4.86(0.788) 


4.03 

Ai 

4.99 


2 

B. 

5.36(0.000) 


5.08 

B. , 

5.38 


“CNDO/S-CI results: Del Bene & JafTe; experimental data: Ref. [28J 
^CNDO/S-CI and experimental results: Del Bene & JalTe* 

'Experimental data: H.P. Tromsdorff, J Chem Phys(USA), 56(1972)5358. In absence of CNDO/S-CI results, CNDO/S-TDA results have 
been reported. 


has been transformed (by the scheme outlined in the 
Appendix) to a hermitian matrix of half the dimension, 
(c) the symmetry of molecular orbitals has been so 
utilized that the matrix which has to be diagonalized in 
each iterative step has a maximum dimension of 30 
only. The reduction of matrix dimension, in steps (b) 
and (c), helps to save computer storage space 
substantially. In addition, symmetrization of the 
matrix before diagonalization, in step (b), allows the 
use of very efficient, standard diagonalization 


algorithms which reduces computational time 
effectively. 

Lastly, in order to have a ‘feel’ of the rapidity of 
iterative convergence and hence the efficiency of the 
proposed scheme, the number of iterations (n) required 
to ensure a tolerance limit of 10~®eV have also been 
included in Tables 1-4. 

A study ofTables 1-4 reveals the following points: (i) 
the iterative diagonalization procedure proposed 'm 
this work is highly convergent in character; thus, in all 
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calculations performed so far, n < 3, (ii) the RPA 
transition energies are in close agreement with 
experimental results for the first few transitions and, in 
fact, the data in some cases agree better with 
experiments than those of the CNDO/S-CL The 
maximum deviation from experimental data in RPA 
results is 1.1 eV (Table 1, pyrimidine, /owrf/i transition) 
while in the Cl results it is 2.8 eV (Table 1, s-tetrazine, 
^ecoTii transition), (iii) Results of oscillator strengths for 
the first few transitions, only for which experimental 
values are available, are however, not quite 
encouraging. In fact, a similar conclusion also holds if 
the CNDO/S-CI scheme was employed; the work of 
Ellis et al^ may be referred to for a discussion on the 
disparity between experimental and theoretical results. 
For high-energy transitions, it becomes difficult to 
correlate theory and experiment because the splitting 
of the near-degenerate levels through vibronic 
coupling and consequent ‘intensity borrowing’ may 
radically change oscillator strength values. In this 
work particularly, the truncation of the excitation 
manifold probably affects oscillator strength values 
adversely. 

In calculating the singlet -♦ singlet transition 
energies, Jaffe et al. initially employed the Pariser 
charged sphere model to evaluate the two-centre 
repulsion integrals^; subsequently, however, they 
adopted the Mataga-Nishimoto (MN) approxi- 
mation®. The MN approximation has been con- 
sistently used in this note for all molecules. This may 
sometimes lead to inconsistency in the RPA and Cl 
results (in the case of benzene. Table 4, the RPA result 
for the first transition exceeds the Cl value). 

Summarizing, it may be said that the CNDO/S-RPA 
scheme offers itself as a promising alternative to other 
prescriptions for computing dynamical properties of 
molecules on the cost and labour basis; extension of 
this method to larger molecules can be immediate and 
worth while. 

The authors are grateful to Dr K Bhattacharyya and 
Sri D Sinha for their valuable help in this work. Thanks 
are also due to the Department of Science and 
Technology, New Delhi, for computational grant and 
to the Regional Computer Centre, Calcutta, for 
providing computer facilities. 

Appendix 

In TDA one solves an eigenvalue equation AXq 
= which on diagonalization yields 

Xq AXq = o)o (A I) 

where A is a hermitian matrix, Xq is an ortho-normal 
matrix and coq is a diagonal (TDA-energy) matrix. The 
RPA equation, Eq. (1), can be rewritten as 


AX-l-BY = coX ...(A2) 

-BX-AY = coY ...(A3) 

From Eq. (A3) one obtains 

Y= -(A-l-£o)-'BX ...(A4) 

which on similarity transformation by Xq yields : 

Y= -Xo(a)o + cor^XjBX ...(A5) 

Substituting Eq. (A5) in Eq. (A2) one obtains the 
eigenvalue equation for a hermitian matrix 

[A-(B')+(coo + fo)-'B']X = o)X ...(A6) 

where 

B' = X^B ...(A7) 


Eq. (A6) can now be solved iteratively to obtain co 
(RPA-energy matrix) and X, with the initial value of co 
being equated with cOq. The presence of a large 
denominator (cOq + <o) ensures rapid convergence for 
this procedure; Y is obtained from Eq. (A5). These X 
and Y are then renormalized in order that the following 
equation^'* is satisfied: 

^[A'(ma, co)X{moc, co'} — Yimoc, co) Y{ma, w')] 

ms 
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Ultrasonic Studies of Ternary System: Water 
-r 2-Propanol -f Nitromethane at Mis- 
cibility Point 

T JOHN PAULUS*. K KRJSHNAMOORTHY* ^c P B 
MATHUR 

Central Electrooceuiical Research Institute. Karaikud: 623006 
Recehed 27 Sepiember 1985; rizised receized 10 Fzhruary 1986 

Ultrasonic velodtj', density and viscosity of the ternary- system 
consisting of -ftatST, 2-pTopano! and nitromethane are measured at 
35'C for different proporiions of the components. Adiabatic 
compressibility, molar sound velocity, free-volume and internal 
pressure are calculated. The observed increase in adiabatic 
compressibility and free-volume wth increase in mole fraction of 2- 
propano! suggests polymerization of ternary pseudo molecules. 

A third component added to a mixture of uvo 
immiscible components brings about the disap- 
pearance of the phase boundarv' resulting in a 
homogeneous mixture. This phenomenon in certain 
ternary systems has been studied earlier by 
observations on the distribution of molecules of one 
component between the other two components and by 


looking for the formation of hitherto unknown 
compounds from a study of the change in adiabatic 
compressibility, the validity of additivity rule etc^ 
The present study relates to the determination of the 
extent of the interaction of molecules in the ternary 
system : Water 2-propanol -f nitromethane. using 
ultrasonic method. 

Mixtures of the three components mentioned above 
were prepared in different ratios and measurements 
were made. Ultrasonic veloUty was measured using a 
single crystal ultrasonic interferometer working at a 
fixed frequency of 2 MHz. The cell of the 
interferometer was maintained at 35'C by circulating 
water from a thermostatic bath. The percentage of 
error in the measurement was 0.1%. 

Densities of mixtures were measured using a specific 
gra\it>' bottle. Percentage of error in density 
measurement was 0.135%. Ostwald's viscometer vras 
used for the measurement of \iscosity with a 
percentage error of 0.07%. For computation of 
parameters, the following formulae' were used : 


Table 1 — Values of Measured and Calculated Parameters 


SI No. 


Mole Fraction 


lAsnsity 

Viscosity 

Ultrasonic 

Free- 

.-Adiabatic 

Internal 

of 




(P) ' 

(9) 

velocity 

volume 

compressi- 

pressure 


Waier 

2-PropaEol 

N.M. 

g cc 

cP 

(u) ’ 


bility 

atm 


(T,) 

(A'J 

(A',) 



m s 

ml.moi 

(/J 










cm'o'yn 


! 

0.8598 

0.05965 

0.07055 

0.9849 

1.155 

1530 

0.02018 

4337 X 10 

22160 


0.7720 

0.1008 

0.1269 

0.9815 

1.19-9 

1410 

0.02098 

5133 X 10-'- 

19810 

3 

0.7104 

0.1150 

0.1751 

0.9815 

1.238 

1373 

0.02207 

54.02 X 10 -'- 

18330 

4 

0.6159 

0.1314 

0.2530 

0.98SS 

1.112 

1315 

0.02931 

58.4SxlO-=- 

15420 

5 

0.5775 

0.1381 

0.28-:6 

0.9915 

0.9517 

1279 

0.03933 

61.65 X 10-=- 

13550 

6 

0.5191 

0.1390 

0.3416 

0.9972 

0.8487 

1275 

0.05024 

61.70 X 10“=- 

12^80 


Table 

2 — Application pf .Additivity 

Rule in Case 
1 

of^ 

Table 3- 

—Application of .Additivity 

Rule in Case nf R 

Si No. 


Mole frac 

lion 

i^iA-, 


SI No. 


Mole fraction 


Rizi 

of 




5 


of 




1 


system 









' 



Water 

N.M. 

2-Prop3nol 


sj-stem 

Water 

N..M. 

2-Propar:o! 



(A-,) 

(A',) 

(A-,) 




(X,) 

(A'O 

(A-,) 



1 

0.S59S 

0.07065 

0.05965 

4235 

43.37 

1 

0.8598 

0.07065 

0.06965 

275.76 

280 

2 

0.7727 

0.1269 

O.IOOS 

42.19 

5135 

2 

0.7727 

0.1269 

O.IOOS 

316.18 

316 

3 

0.7104 

0.1751 

0.1150 

4230 

54.02 

3 

0.7104 

0.1751 

0.1150 

34231 

344 

n 

•T 

0.6159 

03530 

0.1314 

43.32 

58.48 

4 

0.6159 

03530 

0.1314 

383.30 

378 

5 

0.5775 

0.2846 

0.13Si 

42.8 S 

6L65 

> 

0.5775 

0.2846 

0.1381 

399.80 

395 

6 

0.5191 

0.3416 

0.1390 

43.51 

61.70 

6 

0.5191 

0.3416 

0.1399 

422.4 

419 


* Dipanrnm; of Physics, Ahgappa Cr.cuiar Co'.l-cgc ofEr.gineeriug 
4^ Technology. Raniikod: 623 0C4 
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R = 


Mu^'^ 

P 




n, = bRT^ 


(?) 


1/2 p2/3 


...( 2 ) 

...(3) 

...(4) 


where is the adiabatic compressibility, u the 
ultrasonic velocity (in m/s), p the density of the liquid 
(in g/cc), R' the molar sound velocity (in m/s), M the 
effective molecular weight of the mixture, V[ the free- 
voliime (in ml/mol), K a constant of value 4,28 x 10^, >; 
viscosity in cP, fl; the internal pressure (in atm), b=2 
the packing factor for cubic system, R the gas constant 
and T the temperature in K. 

Results and discussion — The measured and 
computed values of different parameters are given in 
Table 1. An examination of the data in columns 5 and 6 
of Table 2 indicates that in this system, the additivity 
rule is not obeyed in respect of adiabatic 


compressibility whereas it is obeyed in respect of molar 
sound velocity (Table 3). Values of adiabatic 
compressibility and free-volume are found to increase 
uniformly with increase in mole fraction of 2-propanol 
as is evident from columns 8 and 9 of Table 1. This may 
be due to the formation of ternary pseudo molecules 
which may be polymerizing in the liquid phase. 

The authors thank Prof. K.I. Vasu, the Director for 
permission to carry out this study. 
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ESR studies are carried out on ternary complexes of copperfll) 
with acetylacetone (AA) and substituted 8-hydroxyquinolines (8- 
HQ) at room and liquid nitrogen temperatures in DMF solution. An 
unusual splitting of the parallel lines is observed for Cu(AA) (5,7-Br- 
OX) at liquid nitrogen temperature. No such splitting is observed for 
other complexes. The splitting is explained on the basis of either 
partial dissociation of 8-HQ ligand or the solution effect of DMF 
which solvates some copper chelate molecules. The molecular orbital 
coefficients are estimated and these indicate that in-plane 7c-bonding 
is weak compared to a-bonding in all the complexes. The value of x, 
which is proportional to hyperfine constants is found to be varying 
with substitution in the ligand 8-HQ. 

The detailed study of magnetic parameters from the 
ESR spectra of transition metal complexes provides 
the information regarding the metal-ligand bond^’^. It 
is found that these parameters representing the metal- 
ligand bonding exhibit analogous qualitative 
characteristics for a substance possessing similar type 
of environment around the paramagnetic copper(II) 
ion irrespective of the ligand chemical composition^ 
with few exceptions, depending upon electron 
withdrawing or donating characteristics of the 
substituent in the ligand and the solvent used for the 
ESR study Such studies are carried out on a number 
of binary and ternary copper(II) complexes for 
different type of environments such as [40] (Ref. 2), 
[30, N] (Ref. 8), [20, 2N] (Refs 3 and 4), [0, 3N] (Ref. 
9) and [4N] (Refs 5 and 6). From the analysis of the 
earlier studies it was inferred that the Abragam, 
Horowitz and Pryce parameter' ° x, proportional to 
the hyperfine interaction which is related to the 
hyperfine contact term K, is indeed constant for a 
particular type of environment around copper(II). 
However, for any particular environment, the studies 
of the relative dependence of magnitude on the 
chemical nature of the substituent in the ligand and on 
the solvent used, are meagre. Hence any information 
regarding the dependence of the / parameter, on the 
chemical nature of the ligand and the substituent in the 
ligand, contributing an analogous environment 
around coppcr(II), provides an insight to understand 
the chemical effects^’". In this note, we present the 


results of ESR studies of biologically important 
ternary complexes of copper(II) with acetylacetone 
and substituted 8-hydroxyquinolines. The complexes 
studied and their molecular structures are shown in 
Fig. 1. 

Experimental details — The binary complex of 
copper(II) with acetylacetone was prepared following 
the procedure described earlier'^. The ternary 
copper(II) complexes were prepared by mixing 50 ml of 
each equimolar (0.02 M) ethanolic solutions of 
copper(II), acetylacetone and 8-hydroxyquinoline. 
The mixture after refluxing for 1 hr was concentrated 
to 10 ml. The solid complex was separated from the 
concentrate, then recrystallized from ethanol and 
dried in vacuum over anhydrous CaCb- The purity of 
these complexes was established by elemental analysis. 
The first derivative tracings of the ESR signals in 
dimethylformamide (DMF) solutions of all the 
complexes (10 A/) were recorded at room and liquid 

nitrogen temperatures using Varian E 4 X-Band ESR 
spectrometer. The optical absorption data were taken 
using Systronics digital spectrophotometer model 106, 
India. 

Results and discussion — The spectra of all the 
complexes in solution (DMF) at room temperature 
(RT) showed four spin-dependent hyperfine lines as 



Fig. 1 — Molecular structure of the complexes: (a) 
bis(acetylacetonato)-copper(II), CutAA)^ (complex 1); (b) bis(8- 
hydroxyquinolinato)-copper(II), CuCOX)^ (complex 2); (c) 
Cu(AA)(OX), Y = H, (OX) = 8-hydroxyquinoline (complex 3), 
Cu(AA) (5,7-Cl-OX), Y = C1, 5,7-Cl-OX = 5,7-dichloro-8- 
hydroxyquinoline (complex 4); Cu(AA) (5,7-Br-OX), Y = Br, 5,7- 
Br— OX = 5,7-dibromo-8-hydroxyquinoline (complex 5); Cu(AA) 
(5.7-1— OX), Y = I, 5,7-1— OX = 5,7-diiodo-8-hydroxyquinoIine 
(complex 6); and Cu(AA)(5,7-N02 -OX), Y = NOj. 5,7-NOj -OX 
= 5,7-dinitro-8-hydroxyquinoliDe (complex 7) 
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expected. The go, Aq and AE values are given in Table 
1. At liquid nitrogen temperature (LNT) typical frozen 
solution (glassy) spectra are obtained giving rise to four 
well resolved hyperfine lines on g|| with no resolution 
bn the line. No significant rhombic distortions 
were present which is in accordance with the results of 
Yokoi et al}^, who found that in frozen solution the 
effective symmetry of the ligand field tends to be higher 
than the symmetry of the ligand geometry. The g||, 
gjL and ^11 parameters are obtained from LNT spectra 
following the procedure described by Neiman and 
Kivelson^**^. The values of are obtained from the 
equation v4o = (^ 11 + 2/4 )/3. Theg||,gj_ ,/4|jand/4j_ 
values are presented in Table 2. The ESR spectrum of 
Cu(AA) (5,7-Br — OX) at LNT exhibits an unusual 
splitting of the axial line, giving rise to a spectrum due 
to isolated ions of two species (Fig. 2). We believe that 
the species II of Cu(AA) (5,7-Br —OX) with gjj = 2.242 
and /4|| = 159 at LNT (Table 2) belongs to the ternary 
complex since these values are found to be similar to 
those of other ternary complexes. We could not 
definitely identify species I because of the discrepany 
of /4|| value either with that of Cu(AA )2 or Cu(AA) 
(5,7-Br— OX) even though the gy value is close to the 
value of Cu(AA) 2 . The solvation effect observed in 
bromo substitution in complex 5 is due to the presence 
of two isolated species and is in accordance with the 
reported observations for ternary complexes of copper 
(II) (Ref. 8). 

The binary complexes 1, Cu(AA )2 and 2, Cu(OX )2 
possess [40] and [20, 2N] coordination respectively 


Table 1 — Values of go, Ag 

and AE 


Complex 

go 

Ao X 10* 
cm“‘ 

AE 

cm~‘ 

1. Cu(AA)2 

2.129 

64 

16,129 

2. Cu(OX )2 

2.130 

82 

16,300 

3. Cu(AA)(OX) 

2.100 

69 

16,000 

4. Cu(AA)(5,7-Cl-OX) 

2.110 

76 

16,949 

5. Cu(AA)(5,7-Br-OX) 

2.105 

78 

16,129 

6. Cu(AA)(5,7-I-OX) 

2.106 

77 

16,000 

7. Cu(AA){5,7-N02-0X) 

2.124 

62 

16,500 


Table 2 — Values of 

Complex Room temperature 


Polycrystallinc data 



11 

tl 

O 

«'3=gJ_ 

I. Cu(AA), 


2.094 


2. Cu(OX), 

2.196 


2.047 

3. Cu(AA)(OX) 

2.225. 

2.060 

2.040 

4. Cu{AA)(5.7-CI-OX) 


2.065 


5. Cu(AA)(5.7-Br-OX) 


2.065 


6. Cu(AA) (5.7-I-OX) 

2.191 

2.040 

2.189 

7. CufAAK5.7-NO, -OX) 

2.199 

2.052 

2.052 


The accuracies in the values of^.f, g |, /(p ami /Ij^ arc +0.003. ±0 


around copper(II) in their equatorial planes. The 
ternary complexes 3-7 possess [30, N] coordination 
around copper(II) arising out of two oxygen atoms 
from the acetylacetone, one oxygen and one nitrogen 
from the substituted oxines. 

The g|| and /4|| values are found to be different for 
different complexes. The magnetic parameters 
obtained for the ternary complexes are found to differ 
from the values of the ternary complexes formed with 
8-hydroxyquinoline and substituted salicylic acids 
possessing analogous environment of [30, N] (Ref. 8). 
The variation of these parameters was explained by 
using the interpretation given by Rockenbauer’^, 
characteristic of copper complexes. The covalent 
character of the planar and axial bonds have opposite 
effects on the magnetic parameters, i.e. the g factor 
decreases when the planar bonds become more 
covalent and increases when the planar bond becomes 
less covalent or the axial bond becomes more covalent 
(donor solvents). The low g|| values for these ternary 
complexes compared to the ternary complexes in Ref. 
8 with analogous type of coordination, are probably 



Fig. 2 — ESR spectrum of Cu(AA)(5,7-Br— OJO in DMF at liquid 
nitrogen temperature 


Principal g and ^ 

Liquid nitrogen temperature 


Polycryslalline data Solution data 


g.=gj| 

gi — go 

g.=gj_ 

^11 

1 

^11 





2.291 

2.061 

159 

15 




2.244 

2.075 

167 

25 

2.223 

2.054 

2.034 

2.242 

2.042 

144 

32 


2.070 


2.234 

2.054 

162 

25 


2.072 


2.242 

2.060 

159 , 

30 

2.040 



2.242 

2.054 

162 

27 

2.184 


2.054 

2.238 

2.059 

177 

14 

1.005, +4x 

10 "*cm 

' and 6x10 

■■*cm ' 

‘ respectively. 
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Tables — Values of Zj_, Molecular Orbital Coefficients and y_ 


Complex 

Z|| 

1. Cu(AA)2 

1.07 

2. Cu(OX)2 

1.12 

3. Cu(AA)(OX) 

1.10 

4. Cu(AA)(5,7-Cl-OX) 

1.10 

5. Cu(AA)(5,7-Br-OX) 

1.10 

6. Cu(AA)(5,7-I-OX) 

1.10 

7. Cu(AA)(5,7-N02-OX) 

1.09 


due to the substituent ligand and the substituents in the 
ligand, i.e.; (a) electronic shielding or delocalization 
effect, (b) electron withdrawing groups in the 
complekes 3-7. The electron delocalization is high 
compared to Cu(AA)(SA) (Ref. 16) (SA = salicylic 
acid) complexes and it is indeed low when compared to 
Gu(OX) (SA) (Ref. 8). The observed gj) values are found 
to be in agreement with the above observation 
Similar observation in gy values (a change from 2.282 
to 2.244) was also made in copper(II) complexes 
formed with a change in ligand^’ i.e. 2,2'-bipyradyl, 
N,N'-dimethylethylene diamine, and N,N,N',N'- 
tetramethy lethy lenediamine . 

Molecular orbital coefficients and x-parameter — The 
molecular orbital coefficients are evaluated using the 
iterative procedure following Gersmann and Swal- 
len^ . These values together with those of Zy, Zx and 
X parameters are presented in Table 3. The variation of 
covalency strength can be explained on the basis of 
interpretation given for the magnetic parameters. Even 
though the u-bond strength in the two binary 
complexes is same, the in-plane Tt-bonding is very weak 
in complex 1 rather than in complex 2. The strength of 
the £7-bond in the ternary complexes 3 to 6 is stronger 
than the in-plane n-bonding, while the strength of n- 
bonding is as strong as that of cr-bonding in complex 7. 
The X'Value of complexes 3-7 showed anomalous 
behaviour (Table 3). The magnitude of % varies from 
3.41 to 3.72 and is relatively smaller than the average 
value (3.82) reported for analogous environment of 
[30, N] around copper (II) in solution®. This 
significant deviation of x values from the reported 
values can be explained as follows : (a), in solution the 
configuration may be different for the complexes 
possessing anaiogous environment of [30, N] but 
dissimilar ligands providing the coordination of 
atoms; (b), the presence of atoms through solvation 
effect in the fifth and sixth positions of coordination 
will decrease the x value due to the presence of 4^ 
character in the ground state because it comes through 
the axial bond. 


2_L 

a 



-y. 

1.05 

0.77 

0;30 

0.96 

3.53 

1.06 

0.75 

0.34 

0.82 

3.92 

1.07 

0.66 

0.43 

0.93 

3.43 

1.06 

0.72 

0.36 

0.87 

3.67 

1.06 

0.72 

0.36 

0.86 

3.72 

1.06 

0.73 

0.36 

0.84 

3.72 

1.05 

0.80 

0.28 

0.82 

3.41 


Conclusions — From a study of the molecular orbital 
coefficients and the parameter x the ternary 
complexes, the salient conclusions are: 1, the in-plane 
TT'bonding is as strong as that of Cu( 0 }Q 2 is 
stronger than the n-bonding in Cu(AA) 2 ; 2, the 
characteristic x value is found to be varying with 
substitution in the ligand 8-hydroxyquinoline in 
Cu(AA)(OX) while it is constant irrespective of 
substitution in the ligand salicylic acid in 
Cu(OX)(SA)®. 

Financial assistance provided by the University 
Grants Conamission, New Delhi, is gratefully 
acknowledged. 
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The ESR hyperfine line widths are analyzed in solution at room 
temperature in different solvents for a number of aliphatic 
polyamine copper(II) compounds, using the theory of R Wilson and 
D Kivelson [y Chem Phys (JUS A), 44 (1966) 154, 4440, 4445]. The 
reasons for the difference between the calculated and experimental 
line widths, mainly in one of the extreme lines, are discussed. 


Wilson and Kivelson^ following the formulation of 
Kubo and Tomita^, developed the theory of ESR line 
widths in solution. They carried out line widths 
analysis on vanadyl acetylacetonate and copper 
acetylacetonate assuming the solution to be very dilute 
so that the effect of the dipolar and exchange 
interactions can be neglected. They further considered 
only the effect of motional modulation of anisotropic g- 
and A tensors and also reported the ESR line width 
variation with temperature and solvent. 

Misra and Sharrna^'® carried out line width 
analysis on a number of amino acid copperfll) 
compounds and found out that the contribution of 
spin rotational mechanism is sufficiently large. 
Further, the agreement between the theory and 
experiment is not as good as that was found earlier*. 

This note presents the ESR line width analysis of ten 
copperfll) compounds formed with different aliphatic 
polyamines in methanol, ethanol and pyridine solvents 
following the formulation of Wilson and Kivelson. 

Experimental Details — The compounds 1. Bis(N,N'- 
dimethylethylenediamine)copper(II) sulphate teira- 
hydrate., 2. Bis(N,N'-diethylethylenediamine)- 
copper(II) nitrate., 3. Dithiocynato(N,N,N',N'- 
letramelhylethylenediamine)copper(II)., 4. Di- 
chloro (2,2'-bipyridyl) N-(2-hydroxy- 
ethylethylenediamine)copper(II)., 5. Dinitro- 
(2,2'-bipyridyI)-N-(2-hydroxyethylethylenediamine) 
coppcr(II)., 6. Diaquosulphato(N,N,N',N'-telra- 
methylthylenediamine)copper(II) hydrate., 7, Dini- 

tro-(N,N,N',N'-tetramethylethyIene- 

diaminc)copper(II)., 8. Dinitro(2,2'-bypyridyl) 


* Present address; Department of Chemistry, GJO Baker 
Laboratory, Corrnncll University, Ithaca, New York 14853 USA. 


copper(II)., 9. Dichloro(N,N'-dimethylethylene- 
diamine)copper(II) and 10. Dichloro(N,N,N',N'- 
tetramethylethylenediamine)copper(II) were prepared 
using reported methods® The spin-Hamiltonian 
parameters for these compounds are taken from our 
earlier papers* The ESR spectra of all the samples 
in different solvents with concentrations between 10 
to 10“^M are recorded. The representative spectra of 
some of the compounds are shown in Fig.l. The 
viscosity values for the solvents are taken from 
literature*^. 

Results and discussion— The ESR line widths 
calculations in solution are carried out using the 
procedure adopted in Refs 1 ,3, 1 4, 1 5. The ESR gpectra 
at room temperature in solution show four spin- 
dependent lines (7= 3/2 for copper II ). The individual 
hyperfine lines are not completely symmetric having 
different intensities and of varying widths. The 
hyperfine lines can be represented by 


(Oo=goli^H/fi->i-AoM+ 




... ( 1 ) 



Fig. 1 - ESR spectra of coppcrfll) complexes at room temperature 
Bis(N,N'-dicthyicthylenediamine)copper (II): (a) in MeOH; (b) in 
Pyridine; (c) DichIoro(2,2'-bipyridyl)N.(2-hydroxy ethylcthylenc- 
diamine)copper (II) in MeOH; (d) Diaquo sulphato(N,N,N',N'- 
tetramethylcthylenediamine)<opper (II) hydrate in MeOH; (c) 
Dinitro{N,N,N',N'-tclramethyIcthyIened/aminc)copper (II) in 
MeOH. 


358 



NOTES 


where Wo is the microwave frequency in radians per 
sec, go the isotropic g factor, Aq the isotropic hyperfme 
splitting constant in radians per sec, the Bohr 
magneton, H the applied magnetic field and M the 
nuclear magnetic spin quantum number. 

Eq.(l) indicates that the line at M=—1I1 is 
supposed to be at the lower field than the line at M= 3/ 
2. Aq should be negative. Then, the relative signs of all 
other parameters can be obtained. It was observed that 
the substitution cff a positive value of Aq was 
convenient for the calculations. This is because of the 
fact that the experimental value of the line widths 
parameter B is positive while its theoretical value can 
be either positive or negative depending upon the sign 
of Aq. 


The experimental peak-to-peak line widths for the 
solution spectrum of all the compounds are given in 
Table 1 and these line widths can be expressed in the 
following form 

LH={A + A') + BM+CM^ + DM^ ... ( 2 ) 

where M is the Z component of the nuclear spin. The 
parameters A, B, C, and D are related to the nuclear, 
electronic and anisotropic g-tensor interactions. A’ is 
called the residual line width. The four line spectra are 
fitted in Eq. (2) for all the compounds in different 
solutions. The values of all these parameters are given 
in Table 2. 

The same line width parameters A, B, C and D can 
be expressed as functions of spin-Hamiltonian 
parameters, gc, Aq, g,( , gj. , , Zj. and Debye 


Table 1 — Experimental and Calculated Line Widths for the Solution Spectrum of All the Compounds and the Molecular 

Hydrodynamical Radius 


Compd 

Solvent 

M 

He 

He 

r 

No. 





A 

1 

MeOH 

-212 

52.4 

43.4 

2.20 



-1/2 

45.4 

45.5 




1/2 

46.9 

47.9 




3/2 

38.7 

50.6 


2 

MeH 

-3/2 

40.831.8 


2.95 



-1/2 

33.7 

33.3 




1/2 

35.2 

35.3 

• 



3/2 

38.7 

38.0 


2 

Py 

-3/2 

39.7 

34.9 

2.45 



-1/2 

36.6 

36.7 




1/2 

38.6 

38.9 




3/2 

40.7 

42.4 


3 

MeOH 

-3/2 

40.7 

34.3 

2.70 



-1/2 

35.6 

35.0 




1/2 

38.0 

37.9 




3/2 

45.8 

42.3 


3 

EtOH 

-3/2 

42.0 

34.2 

2.30 



-1/2 

37.5 

37.1 




1/2 

40.5 

40.7 




3/2 

45.0 

45.0 


3 

Py 

-3/2 

35.7 . 

31.9 

2.40 



-1/2 

33.7 

33.6 




1/2 

35.7 

35.9 




3/2 

38.8 

38.9 


4 

EtOH 

-3/2 

32.5 

44.0 

2.35 



-1/2 

45.0 

46.6 




1/2 

48.0 

49.9 




3/2 

42.5 

54.2 


4 

MeOH 

-3/2 

35.6 

35.0 

2.55 



-1/2 

37.7 

37.9 




1/2 

39.9 

40.4 




3/2 

42.7 

43.4 


4 

Py 

-3/2 

41.3 

38.7 

2.15 



-1/2 

40.3 

40.5 




1/2 

41.8 

42.5 




3/2 

39.3 

44.8 



Compd 

Solvent 

M 

He 

He 

r 

No. 





A 

5 

MeOH 

-3/2 

61.0 

56.0 

2.35 



-1/2 

57.1 

58.2 




1/2 

59.0 

60.7 




3/2 

56.1 

63.6 


6 

MeOH 

-3/2 

40.8 

31.9 

2.70 



-1/2 

34.6 

34.3 




1/2 

36.7 

37.7 




3/2 

35.7 

40.3 


6 

EtOH 

-3/2 

35.0 

34.3 

2.35 



-1/2 

37.5 

38.2 




1/2 

41.0 

42.5 




312 

37.5 

47.3 


7 

MeOH 

-3/2 

35.0 

30.2 

2.50 



-1/2 

32.5 

32.3 




1/2 

34.5 

34.8 




3/2 

37.0 

37.6 


7 

EtOH 

-3/2 

42.5 

33.3 

2.35 



-1/2 

35.0 

34.7 




1/2 

38.5 

38.7 




3/2 

45.5 

45.6 


8 

MeOH 

-3/2 

38.6 

30.O 

2.55 



-1/2 

33.5 

33.1 




1/2 

36.0 

36.0 




3/2 

41.5 

39.3 


9 

MeOH . 

-3/2 

42.0 

36.5 

2.30 



-lA 

38.9 

38.6 




1/2 

41.1 

41.0 




3A 

46.1 

43.8 


9 

EtOH 

-3/2 

37.5 

37.7 

2.30 



-1/2 

40.5 

41.4 




1/2 

43.5 

45.4 




3A 

32.5 

50.6 


10 

Py 

-3A 

42.9 

33.9 

2.55 



-1/2 

36.8 

36.5 




lA 

39.5 

39.9 




3A 

40.9 

44.1 
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Table 2 — Line Width Parameters Obtained from Experimental Spectra and TheoiY (in Gauss) along with the Values of Tr and 

®RS 


Compd 

No. 

Solvent 


A 

A' 

B 

C 

D 

TrXIO*' 

®RS 

1 

MeOH 

Expt. 

Theo. 

46.21 

4.00 

42.21 

2.224 

2.224 

-0.285 , 

0.150 

-3.017 

0.007 

0.654 

52.12 

2 

MeOH 

Expt. 

Theo. 

33.94 

3.33 

30.61 

1.829 

1.858 

2.592 

0.253 

-1.115 

0.011 

1.578 

22.95 

2 

Py 

Expt. 

Theo. 

37.30 

4.13 

33.17 

2.242 

2.238 

1.275 

0.332 

-0.847 

0.014 

1.484 

24.75 

3 

MeOH 

Expt. 

Theo. 

35.99 

4.29 

31.70 

2.487 

2.519 

3.22 

0.242 

-0.347 

0.010 

1.210 

32.15 

3 

EtOH 

Expt. 

Theo. 

38.43 

5.67 

32.76 

3.250 

3.303 

2.250 

0.285 

-1.000 

0.012 ' 

1.506 

31.89 

3 

Py. 

Expt. 

Theo. 

34.38 

3.86 

30.51 

2.121 

2.137 

1.275 
. 0.300 

-0.483 

0.011 

1.395 

37.77 

.4 

MeOH 

Expt. 

Theo. 

38.75 

3.77 

34.98 

2.179 

2.130 

0.175 

0.255 

0.083 

0.012 

1.019 

30.78 

4 

EtOH 

Expt. 

Theo. 

47.62 

5.35 

42.27 

2.988 

3.029 

-4.500 

0.393 - 

0.167 

0.018 

1.606 

24.67 

4 

Py. 

Expt. 

Theo. 

41.14 

3.38 

37.75 

1.771 

1.801 

-0.375 

0.107 ' 

-1.083 

0.005 

1.003 

39.91 

5 

MeOH 

Expt. 

Theo. 

58.03 

3.95 

55.08 

2.307 

2.285 

0.243 

0.177 

-1.748 

0.008 

0.797 

70.21 

6 

MeOH 

Expt. 

Theo. 

35.33 

4.57 

30.74 

2.575 

2.579 

1.300 

0.182 

-1.900 

0.079 

1.210 

53.40 

6 

EtOH 

Expt. 

Theo. 

39.62 

8.00 

31.62 

3.833 

3.936 

-1.500 

0.209 

-1.333 

6.088 

1.606 

44.94 

7 

MeOH 

Expt. 

Theo. 

33.15 

3.95 

29.20 

2.188 

2.246 

1.375 

0.160 

-0.750 

0.071 

0.960 

53.90 

7 

EtOH 

Expt. 

Theo. 

35.84 

6.80 

29.04 

3.813 
3.737 . 

3.625 

1.255 

-1.250 

0.109 

1.606 

41.78 

8 

MeOH 

Expt. 

Theo. 

34.08 

4.93 

29.14 

2.688 

2.675 

2.675 

0.163 

-0.750 

0.068 

1.099 

57.84 

9 

MeOH 

Expt. 

Theo. 

39.43 

385 

35.58 

2.192 

2.194 

2.050 

0.153 

-0.367 

0.007 

0.748 

69.04 

9 

EtOH 

Expt. 

Theo. 

42.85 

6.26 

36.61 

3.583 

3.641 

-3.500 

0.324 

-2.330 

0.015 

1.508 

35.10 

10 

Py. 

Expt. 

Theo. 

37.68 

5.33 

32.34 

3.121 

3.384 

1.875 

0.015 

-1.683 

1.674 

47.07 


correlation time T^={^nr^i]l3kT) where ris the 
molecular hydrodynamical radius of the equivalent 
rotating sphere and tj the coefficient of viscosity. These 
line width parameters are calculated as a function of r^. 
The radius r, which is an adjustable parameter, is 
adjusted in all the compounds in order to give the best 
fit between theoretical and experimental values of B 
and C. The values of r obtained for all the compounds 
are presented in Table 1. 

The general agreement between the theory and 
experiment is not as good as that was found in the case 
of vanadyl acetylacetonate'. The theory holds good 
only for small values of |()/ajol[= 0.007)] and jAy/yli; 
=0.02)] reported for vanadyl acelylacetonate, where h 
=(A —A X2/3) rad/s, coq is the microw’ave 
frequency in rad/s, Ay=Po^8/k, Ag=g -g . For 
the compounds studied presently, the values of [b/a)oj 
= 0.07 and|Ay/rj =0.055 to 0.1 1 arc found to be higher 


than the values reported for vanadyl acelylacetonate. 
However, the observed values of j^y/rj are in 
agreement with the reported values ((Ay/r|=0.10) for 
copper acelylacetonate. 

The theoretical value of A is then subtracted from 
the experimental values (A + A') in order to obtain 
measured values of the residual line widths A'. These 
values of A' are given in Table 2. 

The spin rotational peak-to-peak derivative line 
width is given by 




Ag^ +2Ag^ 

n 


KT 


... (3) 


where Ag -2.0023 and Ag -2.0023. 

The value of r obtained for a best fit between the 
experimental and theoretical values is used to calculate 
otrs. The values of Krs 2 re given in Table 2. The 
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NOTES 


contribution to A' from spin-rotationai relaxation 
mechanism (aRs) is quite large and it is because of the 
fact . that this mechanism is applicable to bigger 
molecules^® where anisotropic interactions with 
solvent molecules are large. 

The value of the adjustable parameter r plays an 
important role in deciding the value of in view of its 
inverse proportionality relationship. Wilson and 
Kivelson^ introduced X, a dimensionless quantity 
related to r as 


Using the Eq. (4), A values are evaluated and found 
to be equal to 0.93 ±0.05 in all the compounds, while 
the reported A value tends to unity ^ A shows no 
variation with the solvent in the present study. 

The calculated line widths differ from the 
experimental results, in one of the extreme lines. The 
reason may be due to the fact that the theory does not 
give B and C of different signs. Both could be positive 
or negative depending upon the sign of Aq. The value 
of r can be adjusted to the magnitude but not the ratios 
of these parameters. 

The authors are grateful to Dr V S Murthy and Mr T 
Kesavan of the Indian Institute of Technology, 
Madras, for recording the ESR spectra. Financial 


assistance to the study by the University Grants 
Commission, New Delhi, is gratefully acknowledged. 
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Drift Mobilities in Phenazine: A Candidate 
Material for Organic Photovoltaic Systems 

B KUMAR 
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Received 13 January 1986 

Excess hole and excess electron mobilities of phenazine have been 
calculated employing tight binding and constant relaxation time 
approximations. The results indicate that phenazine may be a 
candidate material for photovoltaic systems. 






where P; is the ith component of velocity vector F(K). 

The expression for for a crystal with two 

molecules per unit cell then becomes^ 

...( 1 ) 

where 


Ever since the discovery of semiconductor behaviour 
and weak p-n junctions in organic materials, there has 
been interest in the possibility of making low cost and 
easily fabricated devices including solar cells with 
organic materials. The organic materials can be readily 
and inexpensively fabricated in the form of large area 
thin films and photovoltage can be generated in 
response to radiation in ultraviolet and visible regions. 
Many organic compounds^ have been investigated and 
found to have properties amenable to solar energy 
conversion. However, at the present state of art, the 
photovoltaic energy conversion efficiency is quite low 
because of several factors. 

One of the main reasons for low efficiency is the high 
rate of carrier recombination which is expected to be 
low in materials showing large difference between hole 
and electron mobilities. We have, therefore, calculated 
theoretically excess electron and hole mobilities in a 
number of organic solids in order to select suitable 
materials. We report in this note such studies for 
phenazine which is a planar organic molecule with 
conjugated ;r-electron systems. It crystallizes^ as a base 
centered monoclinic crystal with space group Pl^/a 
= Clh having two molecules per unit cell. The 
numbering of atomic sites within the molecule is shown 
in Fig. 1. 

The mobilities have been calculated using constant 
relaxation time approximation (tq = constant) 


14 


10 

Fig. I — Numbering of atomic sites 


and 




{exp[-^£+(K)] 


-f-exp[[)S£_(K)]}dK 

where = 1 /kT, Es are intermolecular transfer 
integrals (IMTIs). The IMTIs have been calculated 
employing tight binding approximation'*. The detailed 
calculations o IMTIs are given in our earlier papers^’®. 

Numerical computation involved in Eq. (I) has been 
carried out by dividing the integration range { — nion) 
along each axis into three equal intervals and then 
applying a four-point Gauss quadrature formula to 
each interval. The calculated values of velocity 
components along a, b, c' (c' = | a, b) and ac' axes are 
given in Table 1. 

From Table 1, we see that along axes a and ac' the 
mobilities for holes and electrons differ appreciably. 
This is consistent with the findings of our earlier 
paper’. We have pointed out’ that organic materials, 
which show large differences in the mobilities of holes 
and electrons, are expected to be potential candidates 
for photovoltaic devices. Thus, phenazine holds a great 
future promise and is worth exploring for photo- 
voltaic devices. 


Table I — Velocity Components (in lO’^cm’/s’) along 
Different Axes 


o'b 

<n> oi> 



For holes 


445.72 

702.89 486.10 

-99.36 


For electrons 


136.48 

705.54 .^20.2 1 

203.74 
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NOTES 


The anthor thanks Prof. S C Mathur for many 
valuable discussions. 
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Surface Charge Density & Dielectric 
Constant of a Magneto-Electret of 
Carnaiiba Wax as a Function of Time 
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The surface charge density and dielectric constant of camauba 
wax magneto-electret have been studied as a function of time. It is 
seen that both the parameters decay with time to reach steady values 
after about 8 days. The observation may be attributed to (i) 
orientational polarization and (ii) neutralization of surface charge 
due to migration of ions from the interior of the dielectric to the 
surface. 

The surface charge and dielectric constant of a 
thermo-electret of carnauba wax have been measured 
as a function of time by Chatteijee et al} In the 
present note, we report the time variation of these 
parameters for a magneto-electret. The magneto- 
electret was prepared in the usual way by the 
simultaneous application of magnetic field and heat as 
reported by Bhatnagar^. The carnauba wax used was 
of prime yellow type having the following constituents 
by weight: C = 79.25%, H = 12.88%, and 0 = 7.87%. 

The temperature of the dielectric was raised slightly 
above the melting point and the intensity of magnetic 
field was 4 kG. It is seen that no charge reversal takes 
place. The surface charge density dropped from the 
initial value of 0.48 esu/cm^ to 0.13 esu^m^, while the 
dielectric constant decreased from 2.43 to 2.20 after a 



Fig. 1 — Variation of surface charge density (curve A) and dielectric 
constant (curve B) of camauba wax magneto-electret with time 


lapse of about 8 days (Fig. 1). . Subsequent 
measurements show that the values remain constant 
with further passage of time. It may be mentioned that 
our results do not agree completely with the work of 
Bhatnagar^ who studied the formation and charge 
decay characteristics of carnauba wax magneto- 
electrets. This dissimilarity may be attributed to the 
fact that the temperature of the dielectric and the 
intensity of applied magnetic field were less than those 
used by Bhatnagar. It is pointed out in this connection 
that charge measurement was undertaken by us only 
on one surface. 

To interpret the results, it is observed that a strong 
magnetic field applied during the formation of the 
magneto-electret orients the molecules of the dielectric 
so that magnetic and electric dipoles are aligned in the 
direction of the magnetic field. Evidence for dipolar 
orientation caused by a ■ magnetic field has been 
obtained by both Chatterjee^ and McMohon**. The 
initial enhanced values of surface charge and dielectric 
constant of the treated sample maybe attributed to the 
orientational polarization as in the case of a thermo- 
electret state. The finding of Chatteijee et al.^ that the 
magnetic anisotropy of a piece of the thermo-electret 
of carnauba wax remains unchanged for a period of 
five months also supports the hypothesis of 
permanency of orientational polarization. Neverthe- 
less, due to the presence of a high electric field at the 
surface of the electret, the ions formed during the 
thermal treatment may migrate to the surface and 
neutralize some charge and diminish the dielectric 
constant. 

One of the authors (H De) is indebted to the Asiatic 
Society, Calcutta, for granting him the Meghnad Saha 
research fellowship; Thanks are also due to the Biren 
Roy Trust, Behala, for financial support. 
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National Symposium on Vacuum Technology & 
Analytical Instruments 

(16-18 December 198Q 

The above symposiiun to be organised by the Indian Vacuum Society (IVS) at the 
Central Scientific Instruments Organization, Chandigarh, during 16-18 December 
1986, will have following sessions: 

1. Vacuum Science & Technology 

2. Vacuum Systems for Microelectronics 

3. Electron Microscopy 

4. Surface Analytical Instrumentation 

5. Spectroscopy 

6. Materials and Their Characterization 

All papers accepted for presentation are proposed to be published in the Symposium 
proceedings Manuscripts (in triplicate) neatly typed in 1 V 2 space on A4 size papers 
should reach the Convener by 20 Nov. 1986. The registration fee is Rs. 100/- for IVS 
members and Rs. 150/- for others. Further information can be had from: 

Mr. A.K. Dimri, 

Convener IVS National Symposium 1986 
CSIO, Sector 30, 

Chandigarh 160 020 


National Seminar on Frontiers of Astronomy and 

Astrophysics 

(17-19 February 1987) 

The Indian Physical Society is organizing a National Seminar on “Frontiers of Astronomy and 
Astrophysics” from 1 7 to 19 February 1987. The venue of the seminar will be the Indian Association for 
the Cultivation of Science in Calcutta. The objective of the seminar is to offer a suitable forum for 
scientists and working groups to exchange ideas through mutual discussions. The seminar will also 
highlight the present status of research in these disciplines in India and the necessary future planning. 

The seminar will have sessions on Optical Astronomy, Solar Astronomy, Radio Astronomy, Solar 
Radio and X-ray Astronomy, X-ray Astronomy, Millimetre-wave Astronomy, Cosmic Rays, High 
Energy Astrophysics, Cosmology, and Obser\'alories in India. 

The registration fee for participation in the seminar is Rs 100. 

Scientists and research fellows working in these areas in different laboratories and observatories may 
contribute papers to be presented at the seminar. Abstracts of papers may be sent to the convener of the 
seminar latest by 30 November 1986 to the following address: 

Prof. M.K. Dasgupia 

Institute of Radiophysics and Electronics, 

University of Calcutta, 

92, Acharya Prafulla Chandra Road, 

Calcutta 700009 



Announcement 

III National Seminar on Crystal Growth 

(Madras, 16-19 February 1987) 

The above seminar sponsored by the Anna University, Madras, will be held during 
16-19 February 1987. The topics to be covered will be as follows: 1. Theoretical aspects ' 
of crystal growth, 2. Experimental aspects of crystal growth, 3. Heat and mass 
transport, 4. Industrial crystallization, 5. Rapid solidification and casting, 6. 
Biological and molecular crystals, 7. Special crystals, new techniques and 
instrumentation, and 8. Crystal characterisation and applications. 

It is also planned to have a panel discussion on the ‘Present status of crystal growth 
in India’. Abstracts (in duplicate) of papers intended to be presented at the seminar 
should reach the convener before 15 Nov.' 1986. The registration fee is Rs. 50/- and 
further details can be had from; 

Prof. P. Ramasamy 

Convener, III National Seminar on Crystal Growth, 
Crystal Growth Centre, Anna University, 

Madras 600 025 



Errata 

Note entitled, “Universal Input Signal Processing Technique in Control Engineering”, 
Vol. 23 April (1985) pp. 234-236 
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Shield with Different Curvatures 
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The 05R Monte Carlo neutron transport code has been used to calculate the neutron albedo for plane and curved concrete shields. 
The aim of the present calculations is to characterize the fast-neutron albedo for a curved concrete shield, and to compare it with that 
for a flat surface.The calculations are performed for neutron source energies of 1 , 5 and 15 MeV, neutron incident angles of 5°, 30°, 
45°, 60° and 90° and for surfaces with different curvatures (flat, 100, 50, 20 and 5 cm radii). The results obtained reveal that there would 
be a significant error, if one uses flat wall albedo for calculating the streaming through cylindrical ducts. The error would arise due to 
neglecting the curvature and due to the improper choice of the neutron incident angle. 


1 Introduction 

It is well known that the shielding design for research 
and power reactors involves a number of problems due 
to the radiation propagation in heterogeneous media, 
particularly in media containing voids of various sizes 
and shapes^ One of the most frequently 
encountered problems is that of the streaming along a 
cylindrical duct. 

It was noticed that the analytical methods in this 
area were limited to some particular cases of isolated 
voids of simple shape (cylindrical holes, two- 
dimensional slits, etc.) or of lattices of voids for which 
it was possible to homogenize and employ bulk shield 
methods using either suitable calculated constants or 
experimentally derived ones. 

The albedo concept has long been in use in shielding 
analysis'^ In this concept, it is assumed that the 
emergent flux is either isotropic or cosine distributed 
about the normal to the wall. The albedo defined in 
this way is an integral quantity. It gives the total 
reflected flux. The reflected neutrons will have also an 
energy distribution and this energy degradation is 
assumed to be built into the albedo value in a way 
suitable to the problem to be solved. This necessitates 
definition of different albedos depending upon 
whether the desired result is a numberflux, energy flux 
or dose. Zotokhin*” has reported a number of 
expressions for the different albedo forms of incident 
angle and neutron energy. 

Experiments and calculations have shown that 
gamma rays produced by neutron absorptions in a 
concrete shield surrounding a duct make a significant 
contribution to the total dose in the duct and analysis 
of this component requires a. knowledge of the 
distribution of low energy neutrons throughout the 
duct and the shield. These distributions can be 


determined exactly using Monte Carlo calculations. 
Monte Carlo method seems to have a very wide field of 
application in neutron albedo calculations^^ 

The aim of the present study is to carry out a series of 
albedo calculations using the Monte Carlo transport 
code 05R^^ with emphasis on comparative study of 
albedo from curved and flat surfaces. 

The calculations were performed at three selected 
neutron energy values and at five incident angles, as 
well as for five radii of curvature. 

2 Description of the Problem 
The present albedo calculations were performed for 
an ordinary concrete shield. The composition of the 
concrete assumed in our calculations is as follows; 


Element 

10^^ 


Atoms/cm' 

H 

8.66 

O 

41.49 

Si 

11.73 

Ca 

8.22 


The density of concrete was 2.174 g/cm^ and the 
following three cases were considered: (i) slab shield, 
(ii) slab with a cylindrical depression and (iii) curved 
surface. 

Fig. 1 shows sections representing the above cases. A 
monoenergetic as well as monodirectional neutron 
source was assumed in the present calculations; 
however, separate calculations were done for the 
source energies 1,5 and 15 MeV as for the initial 
directions 5°, 10°, 30°, 45°, 60° and 90° relative to the 
shield surface. It was assumed that the initial neutron 
direction can be divided into directional components, 
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Incident 



Fig. 1 — Sections representing reflection from (a) semi infinite slab shield; (b) slab with cylindrical depression, 

(c) curved surface 


SO that one component is parallel to the duct axis while 
the other is normal to the shield surface. 

The calculations have been performed using the 
Monte Carlo neutron transport code 05R, and the 
related cross-section handling code XSECT. The 
XSECT code is used to prepare group cross-sections 
for the elements and energy range to be used in the 
specific problem. Also using the XSECT code, a tape 
called phitape containing group data for calculation of 
the scattering angle distribution is prepared. A special 
concept of supergroups and subgroups is used in 05R. 
There are 40 supergroups, and these have fixed 
energy boundaries. Each supergroup may then be 
divided into a chosen number of subgroups; but the 
number must be a power of two and should not exceed 
512 per supergroup. This group structure has been 
chosen to minimize tape handling time. 

5 X 10^ Neutron histories were considered in each 
calculation. A neutron is followed from collision to 
collision through its entire history. At each collision 
point, the energy degradation and change in direction 
arc calculated. The life history is terminated when the 
neutron is absorbed or when it leaves the system. The 
absorption does not take place in the traditional way, 
but happens gradually. At each collision, the 
probability of absorption by the element and at the 
energy in question is calculated, and the neutron is 
allowed to survive with its statistical weight suitably 
reduced. Eventually the weight may become less than 
some limit specified in 05R input. At that time, 
Russian roulette is played to decide whether the 
neutron history should continue with its weight 
upgraded to unity or be terminated. 

The neutrons arc started in batches each containing 
a number of particles chosen. Each neutron is followed 
through its entire life history, and information like 
particle energy, position, direction, collision type, etc. 
is stored on the collision tape at each collision or 


boundary crossing or other types of events. Any 
parameter out of a possible total of 34 may be written 
into the tape. The parameters desired are specified in 
05R input. 

The code follows all neutrons in one batch 
simultaneously. The first neutron in the batch is 
followed until it leaves the supergroup in which it was 
bom, and then the search is continued for the second 
neutron in the batch and so on until all neutrons in the 
batch have been followed through the first supergroup. 
Then the search is continued for the first neutron in the 
second supergroup, etc. In this way, only a limited 
amount of cross-section data is needed at any instant 
of time. 

The statistical error associated with the reported 
results on albedo is about ± 3%. 

It is interesting to see what is the average 
displacement of the point of emergence of the neutron 
from the point of incidence. The neutrons are started 
with the initial direction in the x-z plane, where z is 
normal to the surface and the x-coordinates of the 
point of emergence of all emerging neutrons are 
collected and the average calculated. This represents 
the displacement. The displacement for normal 
incidence was found to be close to zero, as expected. 
However, the displacement was found to increase with 
decreasing angle of incidence and reaches a maximum 
of approximately 3 cm. Fig. 2 shows the dependence of 
the average x-coordinate of non-thermal reflected 
neutrons on the incident angle for source energy of 
1 MeV. 

Six, nine and ten energy bands were used 
respectively for neutron source energies of 1 MeV, 
5 MeV and 15 MeV, respectively to encompass the 
ranges 0.018-1 MeV, 0.018-5 MeV and 0.018-15 MeV 
respectively. There were 36, 54 and 60 separate 
problems run in case of neutron source energies of 1, 5 
and 15 Mev respectively. 
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Fig. 2 — Dependence of the average x-coordinate of nonthermal 
reflected neutrons on the incident angle (source energy 1 MeV) 


3 Results and Discussion 

Fig. 3 shows the reflected neutron energy per 
incident neutron as a function of duct curvature for 
different neutron incident angles and energies. These 
results reveal that the reflected energy per incident 
neutron, decreases with the increase of the incident 
angle; however, it increases with increase of both the 
radius of curvature and the neutron source energy. The 
ratio A(R^/A„ which represents the ratio between the 
integral flux energy albedo of a curved wall and 
the integral flux energy albedo for a flat wall A^is 
graphically represented in Fig. 4 as a function of the 
radius of curvature at different neutron incident angles 
and for 15 MeV neutron source energy. Fig. 4 shows 
that the ratio A{R^IA^ increases as a function of the 
radius of curvature. Moreover, for incident angles of 
45° and 90°, the values of AiR^jAa. are close to each 
other for all values of Rc- 

The calculations have shown the expected wall 
curvature effects and provided quantitative values for 
the albedo under various conditions for a concrete 
shield with a simplified elemental composition. 

Moreover, the results obtained have proved that the 
albedo for a surface with curvature radii larger than 
about 50 cm does not show much difference from the 
albedo for a flat wall at 1 MeV neutron source energy 
and it begins to show a pronounced difference only at 
high neutron source energies of 5 and 15 MeV. 
Moreover, for a surface with a small radius of 



Fig. 3 — Reflected neutron energy per incident neutron as a function 
of duct curvature for different neutron incident angles and for 
neutron source energies 1, 5 and 15 MeV 



Rodius of curvature , cm 

Fig. 4 — Ratio A{R^IA^ as a function of the radius of curvature for 
different incident angles and for 15 MeV neutron source energy 

curvature, it is seen that the albedo tends to decrease as 
the radius of curvature decreases and these effects are 
more pronounced for high neutron source energies and 
at large incident angles. 
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In the present analysis, one has to point out that the 
thermal neutron absorption term was not represented 
in the OSRcalculational model since the reduction in 
the statistical weight corresponding to the absorption 
term takes it below the limit set in the 05R input. It was 
surmised that the per cent of reflected neutrons would 
be very small compared to the high energy neutrons, 
and hence their treatment in the present calculations is 
not of much importance. 
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Excess volumes of mixing ( excess isentropic compressibilities and excess free-energes of activation of 

flowfGfjslforthetemaiy'system: cyclohexane-!- ecu -r ethyl acetate and theconstituentbinary'systemshavebeendeter- 
mined at 30'C over a wide composition range. Analysis of the results using the procedure suggested by R P Rastogi, J Nath 
& S S Das [7 C/iem &E:/tgngDflra( f/SA ), 2 2 ( 19 77) 249]for Ff 23 ind'catss that all the excess values can befitted to the same 
anaMical expression. 


1 Introduction 

Considerable interest has been stimulated by the 
ultrasonic and rheological investigations on oinary' 
and ternary' liquid mixtures. The deviations from the 
law of additivity' in the values of various parameters 
indicate the existence of specific interaction between 
unlike molecules. The present study deals \vith the 
evaluation of excess volumes of mixing ( V^), excess 
isentropic compressibilities and excess free-en- 
ergies of activation of flow (G^) for binary sy'stems 
and the ternary' svstem made up of (1) cyclohexane, 
( 2 ) 

carbon tetrachloride and (3) ethyl acetate, using a 
single experimental set-up. The ternary' contribution 
in Vf 23 , ^23 l^ave been computed using bi- 

nary' and ternary data and the experimental values of 
Gf 23 have been fitted to an equation 
proposed by Rastogi etaL^ forfitting 1/^23 values only. 

2 Experimental Details 

Components used were of ‘Pure’ grade and used as 
purchased. Densities, viscosities and ultrasonic velo- 
cities of the ‘pure' components were measured and a 
comparison of these with literature values (Table 1 ) 
shows no evidence for existence of impurities. 

Densities {d) were measured using a Lipkin pyc- 
nometer and sound velocity' (m) at 8.5 MHz using a 
solid state pulsed sing-around system which is a mod- 
ified version of the sing-around system developed by 
Soitkar et al- The ultrasonic cell incorporated a pair 
of 15 mm diameter and 0.34 mm thick X-cut quartz 


transducers mounted parallel to each other at a fixed 
distance of 4.212 cm. The cell was thermostated 
along with the Lipkin pycnometer to 30 ± 0.02°C. 
The densities were reproducible to 1 part in 10'^ and 
the sound velocities to 5 parts in 10“^. 

Kinematic viscosities iy) were measured at 
30 ± 0.02°C by means of an Ubbelohde viscometer 
using the relation v= at— { bft) where t represents the 
time of flow in s and a and b are constants of the v'is- 
cometer. The viscosities, rj—vd, are accurate to 
±0.001 cP. 

3 Results and Discussion 
Experimental Ef „ values for the binary' and ter- 
nary systems were computed using relation ( 1 }: 

n 

i= 1 

where X, and denote mole fraction and molar vo- 
lume of component /.Isentropic compressibility „ 
and the deviation in isentropic compressibility' „ 
for the binary' and ternary systems were obtained us- 
ing the equations; 

A...n~ -••(2) 

and 

n 

Z ...(3) 

i= 1 

where denotes the volume fraction of com- 
ponent i. 


Table 1 — Values of density [d), Viscosity' {77) and Ultrasonic Velocity' («) for the Pure Liquids at 30 ®C 


Liquid 

No. 

d. g/ml 

Ref. 
No. . 

77, cP 

1 

A 

? 

u^m/s 

Ref. 
_ No. 


Exptl 

Utt 


Exptl 

Litt 


Exptl 

Litt 


(1) 

0.7690 

0.7692 

3,5 

0.8214 

0.820 

3 

1232.4 

1231.3 

4 

(2) 

1.5751 

1.5748 

3.5 

0.8427 

0.843 

3 

907.2 

908.0 

5 

'3) 

0.8878 

0.S8S3 

3 

0.4013 

0.401 

3 

1120.1 

1123.0 

6,7 
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The excess free-energy of activation of flow, Gf „ 
was obtained using the relation: 


GiL=RT 


Z X^rjiVi 


i=l 


.-.( 4 ) 


The excess properties {Af^ for the binary systems 
were fitted to the equation: 


A- = ^y) + ^2{x- x/] 


...(5) 


where x,- and x- represent the (binary) mole fractions 
wrt Vfj and Gfj and (binary) volume fractions wrt 
The values of the constants Oqj (obtained by 

least squares analysis) along with the standard devia- 
tion ( a) defined by: 

m 

o' = Z [(A|);,exp., - (4)^ca.c]V(m - 3) ... (6) 

k=\ 

where m is the total number of measurements, are 
given in Table 2. The last column of Table 2 compares 
the values of the excess functions for x,- = Xj =0.5 ob- 
tained in the present study, with the values in the liter- 
ature, wherever the latter are available. 

Rastogi etaL^ proposed Eqs (7) and (8) to calculate 
the ternary contributions AA^: 

AJ^^A^,-AUa) •••(' 7 ) 

and 

Am[a) = ^[(^i + XMn + (^2 + ^3)4 

+ {X, + X,)A^,] ...(8) 


In Eqs ( 7 ) and ( 8 ), Af 23 is the excess property of a tei 
nary mixture having mole fractions (in case of Efj 
and Gi^j) or volume fractons (in case of ^ 123 ) of A 
components 1 , 2 and 3 equal to , X 2 and X^ respect 
ively. Afj is the excess property of a binary mixture i 
which the mole fraction (or volume fraction) of com 
ponent i is Xi{Xi + Xj) and of component j i 
Xj/[Xi + Xj). Thus, for example, from Table 2, 



(— ] 

U + ^ 2 / 



X 


0.641 - 0.014 


\X,+X2] 


+ 0.079 


(x^V 

U + ^ 2 / 


The experimental values of the excess volume o' 
mixing per mole ( V^ 23 \ excess isentropic compres- 
sibility ( /3f23 ) and excess free-energies of activation ol 
flow per mole ( Gfjs), for the ternary system are re- 
ported in Tables 3-5. The ternary contribution A 
A and A calculated from Eqs ( 7 ) and ( 8 ) are also 

given in these Tables . We see that Ffjs, A F^, ^^23 and 
A are all positive and Gf23 and A G® are negative 
over the entire composition range. 

The experimental results of Ffjs, ^^23 and 0^23 for 
the ternary system have been fitted by the method of 
least squares to Eq. (9) proposed by Rastogi etal^ for 
fitting Ff23- Thus, 

-Ai 23 ~ -4^2 "b -423 "b -431 "b -X^l-^2-^3 

X [A, + A,X,[X2 - X3) -b ax\[X2 - x^f] 

...(9; 


Table 2— Least Square Parameters and Standard Deviation for Binary Systems at 30°C 


Function 

Oo 

Ol 


Std. 

(A|) at 

Xi=x = 0.5* 






dev. 








0 

Exptl 

Litt 

Ref. 




System (1) 

+ {2) 




Flj ml/mol 

0.641 

-0.014 

0.079 

0.004 

0.160 

0.160 

2 

10'’^^; bar" ' 

3.609 

-0.079 

-0.080 

0.02 

0.90 

1.22“ 

5 

Gb cal/mol 

-107.2 

-4.1 

12.7 

0.8 

-26.8 

^S.l" 

8 

Ft, ml/mol 



System (2) 

+ (3) 




0.274 

0.034 

-0.023 

0.004 

0.069 

0.043 

9 

10'’ /S, bar"' 

0.946 

0.165 

0.507 

0.03 

0.24 



Gfj cal/mol 

-88.2 

-53.0 

9.8 

1.7 

-■22.1 

23.2 

10 

l^ji ml/mol 



System (3) 

+ {1) 




4.966 

-0.609 

0.293 

0.006 

1.242 

0.812' 

11 

10'' /55-, bar"' 

25.234 

- 2.398 

1.025 

0.04 

6.31 



GJii caL/mol 

-467.6 

147.1 

-83.4 

1.0 

-116.9 -116.0 

10 


-t, & ,t, represent mole fractions wrl Pyifc Gj)and volume fractions wrt 
’From least square analysis of reference data wrt volume fractions 
•■Value at 25'C (calculated from reference data) 

‘Value at 20°C (calculated from reference data) 
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Table 3— Density and Experimental Excess Volume ( Ffja) for the Ternary System 30°C 


Mole fractions 




^123 

1^123 

l^f23(a) 

AFE 

n23(b) 

AFE* 

6V 

z, 

Z 2 

g/ml 

ml/mol 

ml/mol 

ml/mol 

ml/mol 

ml/mol 

ml/mol 

0.3956 

0.1112 

0.9017 

0.984 

0.578 

0.406 

1.000 

-0.016 

0.006 

0.3985 

0.2005 

0.9604 

0.832 

0.556 

0.276 

0.866 

-0.034 

-0.006 

0.3955 

0.2940 

1.0229 

0.686 

0.513 

0.173 

0.716 

-0.030 

-0.004 

0.4020 

0.3994 

1.0925 

0.509 

0.429 

, 0.080 

0.532 

-0.023 

-0.005 

0.4006 

0.4994 

1.1600 

0.345 

0.301 

0.044 

0.350 

-0.005 

0.003 

0.1001 

0.3996 

1.1404 

0.310 

0.253 

0.057 

0.319 

-0.009 

0.006 

0.1982 

0.3966 

1.1216 

0.459 

0.390 

0.069 

0.485 

-0.026 

-0.003 

0.2997 

0.3990 

1.1071 

0.532 

0.452 

0.80 

0.559 

-0.027 

-0.003 

0.4980 

0.3990 

1.0795 

0.397 

0.317 

0.80 

0.408 

-0.011 

-0.002 

0.0997 

0.5010 

1.2096 

0.267 

0.247 

0.20 

0.280 

-0.013 

0.001 

0.3001 

0.3000 

1.0405 

0.659 

0.490 

0.169 

0.679 

-0.020 

0.008 

0.5001 

0.1002 

0.8813 

1.022 

0.598 

0.424 

1.048 

-0.026 

-0.006 


Table 4— Density (^ 123 ) Velocity (wns) and Experimental Excess Isentropic Compressiblity (10®y3i23) for Ternary 

System at 30°C 


Vol fractions 




4-122 

M,23 


10*y3f33(a) 

lO^AySE 

10«/3?23(b) 

10«A;8E' 

10M;6 

4>, 

^2 

g/ml 

m/s 

bar”' 

bar"' 

bar"' 

bar ’ 

bar"' 

bar"* 

0.4199 

0.1054 

0.9017 

1099.3 

5.07 

2.99 

2.08 

5.21 

-0.14 

0.02 

0.4235 

0.1901 

0.9604 

1076.4 

4.25 

•2.85 

1.40 

4.50 

-0.25 

-0.02 

0.4210 

0.2792 

1.0229 

1054.6 

3.40 

2.62 

0.78 

3.73 

-0.33 

-0.04 

0.4283 

0.3798 

1.0925 

1033.5 

2.50 

2.17 

0.33 

2.78 

-0.28 

0.04 

0.4276 

0.4757 

1.1600 

1015.5 

1.61 

1.53 

0.08 

1.87 

-0.26 

0.01 

0.1100 

0.3916 

1.1404 

1010.7 

1.47 

1.35 

0.12 

1.68 

-0.21 

-0.04 

0.2155 

0.3849 

1.1216 

1016.1 

2.34 

2.07 

0.27 

2.58 

-0.24 

0.03 

0.3226 

0.3833 

1.1071 

1023.7 

2.60 

2.35 

0.25 

2.96 

-0.36 

-0.04 

0.5256 

0.3758 

1.0795 

1045.8 

1.86 

1.58 

0.28 

2.12 

-0.26 

-0.02 

0.1097 

0.4919 

1.2096 

989.4 

1.34 

1.31 

0.03 

1.46 

-0.12 

0.06 

0.3226 

0.2877 

1.0405 

1044.5 

3.29 

2.5,6 

0.73 

3.59 

-0.30 

-0.02 

0.5254 

0.0939 

0.8813 

1113.1 

5.17 

3.01 

2.16 

5.33 

-0.16 

-0.01 


Table 5 — Viscosity { 77123 ) Excess Free-Energy of Activation of Flow ( Gf 23 ) for the Ternary System at 30°C 


Mole fractions 




Vnz 


Gn3(a) 

AGE 

Gf33(b) 

AGE- 

6G 

z, 

Z2 

cP 

cal/mol 

cal/mol 

cal/mol 

cal/mol 

cal/mol 

cal/mol 

0.3956 

0.112 

0.4848 

-100.1 

-56.5 

-43.6 

-97.0 

-3.1 

-0.8 

0.3985 

0.2005 

0.5253 

-93.7 

-58.5 

-35.2 

-89.5 

-4.2 

-0.7 

0.3955 

0.2940 

0.5733 

-82.3 

-57.9 

-24.4 

-79.5 

-2.8 

1.6 

0.4020 

0.3994 

0.6351 

-71.6 

-52.7 

-18.9 

-65.0 

-6.6 

-1.9 

0.4006 

0.4994 

0.7102 

-49.2 

-40.3 

-8.9 

-47.5 

-1.7 

2.0 

0.1001 

0.3996 

0.5374 

-43.6 

-30.1 

-13.5 

-41.9 

-1.7 

0.7 

0.1982 

0.3966 

0.5584 

-60.4 

-44.1 

-16.3 

-57.8 

-2.6 

1.3 

0.2997 

0.3990 

0.5908 

-70.5 

-52.4 

-18.1 

-66.2 

-4.3 

0.4 

0.4980 

0.3990 

0.6956 

-58.6 

-42.3 

-16.3 

-53.2 

-5.4 

-1.8 

0.0997 

0.5010 

• 0.5789 

-44.2 

-30.9 

-13.3 

-41.0 

-3.2 

-0.7 

0.3001 

0.3000 

0.5410 

-79.0 

-53.4 

-25.6 

-74.0 

-5.0 

-0.8 

0.5001 

0.1002 

0.5128 

- 106.2 

-60.4 

-45.8 

- 104.8 

-1.4 

0.1 


In Eq. (9) Zj, ^ 2 , are the mole fractions (in case of 
1^23 and Gfjs) or volume fractions (in case. of ^ 23 ) of 
components 1, 2 and 3 respectively in the ternary 
ntixture and Aq, Ai and are constants of the ternary 
system. The quantities A^are: 

=X^la,+ a,{X- Xj) + a^iX- Z/] 


where Xf and Xj are the mole (or volume) fractions in 
the ternary mixture and ^ are taken from 

the data on excess properties for the binaries (Table 
2). Thus, for example, 

^1=^2^10.946 + 0.165(^2- «> 3 ) 

+ 0 . 507 {«) 2 -«> 3 )^] ...( 10 ) 
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Table 6 — Least Square Parameters and Standard Devia- 
tion of Vf23, ^^23 ^ ^^23 for the Ternary System at 30 °C 


Function 

A, 

A 

A 

a 

Ff 23 > nil/mol 

-0.720 

1.969 

-0.196 

0.006 

106^f23,bar-> 

-8.300 

- 16.496 

-87.524 

0.04 

Gfjs, cal/mol 

-122.8 

-240.8 

-830.5 

1.4 


; being the volume fraction of component i in the 
ternary mixture. 

The values of (^^2 + ■*' ^i*) for tfio ternary sys- 

tem are represented as ^^,3 in Tables 3 - 5 . According- 
ly , the deviations AA^* = Af23 ~ ^rz3(b ) of the experi- 
mental values of A^23 from the sum (^2 + ^23 + ^i) 
are also reported in Tables 3 - 5 . The values of the con- 
stants Aq, Aj and A2 along-with the standard deviations 
{ a) in the experimental values of Afoa from these cal- 
culated from Eq. ( 9 ) are given in Table 6. The last co- 
lumns of Tables 3, 4 and 5 show the deviation 6A giv- 
en by: 

dA= Af23(experimental) - Af23 [from Eq. ( 9 )] 

Our results indicate that Eq. ( 9 ) proposed by Rasto- 
gi ef al} for Ef23 fits the values for /Sfjs ^^23 ns 
well. 
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Governing Natural ScMe of Musical Octave 
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So far, no single mathematical progression series is known from which all the twelve tones of a musical scale can be 
derived. In this communication is presented a harmonic progression series which appears to be the origin of the musical 
scale, as all the 1 2 tones of the scale could precisely be obtained from this series. This series thus unveils the harmonic unity 
existing within the apparent large diversity' in the inter-tonic relationships of the scale. 


1 Introduction 

A number of basic scales^'" as well as tempera- 
ment scales^'® of music were advanced in ancient In- 
dia, Greece, Egypt, China and Europe. Their merits 
and demerits have been discussed in literature. The 
frequency intervals between the fundamental and 
subsequent notes and also bettveen the successive 
notes of a musical octave are apparently very' incoher- 
ent. This random symmetry' of tone frequencies led 
Ellis’-® to view that the musical scale was not one, not 
natural and even founded necessarily on law's of con- 
stitution of musical sound, but very' diverse, very' arti- 
ficial and very capricious. Parry^ and Lloyd‘® ex- 
pressed similar view's on the disordered relationship 
among the notes of musical scales. 

The objective of this communication is to derive 
the natural scale of music from a single mathematical 
law' or series and thus to establish that the natural scale 
of music derived experimentally is not a random 
jumbling of tones of sound, but it follow's rigorously 
certain harmonic progression law-s of musical acous- 
tics. 


stimulation. Such a frequency w'ould cause fatigue to 
the ear. 

Hence, for getting a feeling of melody of tones, gen- 
eration of fast beat or flicker of sound beyond the li- 
mits of the resolution capability' of the auditory nerv'e 
system of the ear has to be avoided, and for this, cer- 
tain frequency separation among the tones is neces- 
sary'. This condition can be met w-ith only when the 
tones produced bear certain simple relationships 
with one another and also with the key note of the 
scale. Consonant and dissonant combinations of 
tones thus form the basis of musical acoustics. 

Let us consider a system w'hich vibrates at the fund- 
amental frequency of n and at its first octave frequen- 
cy of 2n. The frequencies of the next tw'o partials 
w'ithin the octavian interval of n and 2 « of this vibrator 
can be supposed to be as follow's; 


First partial = n 
Second partial = « + 


2n~ n 

4 

2 

2/1 — n 


= 1 . 5/2 
1 . 25/2 


2 Postulations 

Auditory ner\'e system of human ear is capable of 
resolving a complex tone into its partial components 
(Ohm’s law). When this resolution is perfect the com- 
plex tone does not produce any irritation or harsh ef- 
fect on the ear, whenever the resolution of the compo- 
site tone into distinct components is not perfect, the 
effect is contrary' and the sound appears as unpleasant 
noise to the ear. A wave frequency at one moment sti- 
mulates auditory nerve and at tire subsequent mo- 
ment allow's the stimulated nerve to recover. 
Before this recovery' is complete, if the ner\'e is stimu- 
ated again by a ‘sound flicker’ or say ‘unpleasant 
eats as observed by Helmholtz, it can cause a contin- 
uous sensation without permitting recovery' from the 


The notes corresponding to the frequencies 1, 2, 
1.5 and 1.25 are known to be C, c, G and E 
respectively. 

Let us postulate that the other tones of the scale are 
the functions of the frequencies of the three notes 2. 
1.5 and 1.25. 

If this assumption is correct, w'e can do the exercise 
of deriving other notes of the scale by manipulating 
with frequencies of these three notes. It is interesting 
to note that simply by diGding the “even” number 2 
(higher octave frequency), by the odd figures of 1.5 
and 1.25 (low'er partial harmonics), or by multiplying 
the two odd figures and dividing them by the even 
number 2, we get the additional eight tones of the 
scale as indicated in the following; 
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2/1.5 = 1.333; 2/1.25 = 1.6 
2V(1.5)2 = 1.777; 2/1.5 x 1.25 = 1.0666 

1.5 X 1.25/20 = 1875; (1.5)V2 = 1.68 

1.5 X 1.25/2 = 1.406; (1.5)V2 = 1.125 

We can also express the frequencies of the earlier 
mentioned four notes in terms of ratios of frequencies 

2. 1.5 and 1.25 as follows; 

1 = 2/2; 1.25 = 1.25/20; 1.5 = 1.5/2° and 2 = 2/1 

We thus get aU the 1 2 tones of the octavian scale by 
the same principle. It may be noted that in aU the 
above derived quantities, Ae even number 2 is either 
in numerator or in the denominator, and the odd fi- 
gures of 1 .5 and 1.25 are always dividing 2 in the nu- 
merator or in denominator. In no case an odd figure is 
divided by another odd figure. The above relations 
can be generalized in the form of a single integrated 
law or a mathematical expression or a series, as fol- 
lows: 


[(1.5f(l-25)' 

where _2 represents tones obtained from the equa- 
tion; a = ± 1 , and x, y and z are such smallest integers 
which can give tones of frequencies within the limits of 
1 and 2. 

3 Derivation of Notes of Musical Scale 
3.1 Flat Tone Series 

If fl = + 1 in Eq. ( 1 ), we get the following two series 
A and B which ultimately give five flat tones, 

(A) 2V(1.5)^, where [x, y) are (1, 1), (2, 2) and (2, 3). 

(B) 2V(1.5)^'(1-25)S where (jc, y, z) are {1, 0, 1) 
and (1, 1, 1). 

The above two series give the following 3 and 2 flat 
tones respectively which correspond to the notes in- 
dicated in lines below the frequency values in each 


case; 

(a) 

2/(1.5) 22(1.5)2 

22/(1. 5)2 


1.333 1.777 

1.185 


E h 

E 

(b) 

2/(1.5)0(1.25) 

2/(1.5)(1.25) 


1.6 

1.0666 


a 

D 



3.2 Sharp Tone Series 

If a = — 1 in Eq.( 1 ), we get the following series (C 
and D) which give six sharp tones, 

(C) (1.5)V2'*^, where (z,y) are (0, l)(l,2}and(l,3) 

(D) (1.5)>’(1.25)V2^, where {x, y, z) are (0, 0, 1), 
(0, l,l)and (1,2,1). 

The series C and D give the following 3 and 3 tones 
respectively, 

(c) (1.5)/20 (1.5)V2 (1.5)V2 

1.5 1.125 1.687 

G D a 


(d) ( 1. 25 )( 1.5)0/20 (1.25)(1.5)/20 (1.25)(1.5)V2 
1.25 1.875 1.40625 

E b F 


It may be noted that z is either zero as in series (A) 
and (C) or unity as in series (B) and (D). Values of x 
higher than 2 are neglected as aU the harmonics be- 
tween 1 and 1.5, and between 1.5 and 2 are obtained 
with values 0, 1 and 2 only. Selection of the values of y 
depends on the value of x. 

It may also be observed here that the division of 2 by 
fractional harmonics 1.5 or 1.25 gives rise to the flat 
tones, while division of fractional harmonic figures by 
2, the first octave harmonic, gives sharp tones, that is 
‘tivra swara’ (also known as “sudha swara”, with the 
exception that F alone is termed as tivra and E as 
sudha, not komal. From this, it appears that the ter- 
minology of komal and tivra is more appropriate than 
calling a few tones as sudha. 

In the above tabulations, sharp (tivra) tones are rep- 
resented by the usual symbols of the notes of musical 
scale, viz. C, D, E, F and b whereas flat tones (komal) 
are represented for the sake of simplicity by an ‘un- 
derline’ notation placed below the symbols of these 
notes and sympolized as D, E, E, a and h. 

The above four series of frequencies if combined 
together and are written in ascending order, we get the 
eleven tones of the musical scale, as depicted in 
Tablel. 

Coupling series (A) with (C) constitutes Kafi rag 
whereas series (C) with (D) gives rise to Yaman rag— 
the two being basic of the musical scale. 

All the sharp tones obtained by substituting 


Table 1— Natural Octavian Scale of Music 


Notes 

C 

D 

•D 

E 

E 

E 

F 

Frequency 

1 

1.0666 

1.125 

1.185 

1.25 

1.333 

1.40625 

Frequency ratio 

1 

16/15 

9/8 

32/27 

5/4 

4/3 

45/32 

Notes 


G 

a 

a 

h 

b 


Frequency 


1.5 

1.60 

1.687 

1.777 

1.875 


Frequency ratio 


3/2 

8/5 

27/16 

16/9 

15/8 
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Table 2- 

-Derivation of Tones (Sharp) when a = - 1 



SI 

X 

y 

z 

Interval between note 

Corresponding 

Interval between 

No. 




and fundamental 

note 

successive degrees 





As frequency 

As ratio 


Tone 

Ratio 

1 

1 

2 

0 

1.125 

9/8 

D 

C-D 

9/8 

2 

0 

0 

1 

1.25 

5/4 

E 

D-E 

10/9 

3 

1 

2 

1 

1.40625 

45/32 

F 

E-F 

9/8 

4 

0 

1 

0 

1.5 

3/2 ■ 

G 

F-G 

16/15 

5 

1 

3 

0 

1.687 

27/16 

a 

G-a 

9/8 

6 

0 

1 

1 

1.875 

15/8 

b 

a-b 

10/9 








b-c 

16/15 




Tables- 

—Derivation of Tones (Flat) when a = -f- 1 



SI 

X 

y 

z 

Interval between note 

Corresponding 

Interval between 

No. 




and fundamental 

note 

successive degrees 





As frequency 

As ratio 


Tone 

Ratio 

1 

1 

1 

1 

1.0666 

16/15 

D 

C-E 

16/15 

2 

2 

3 

0 

1.185 

32/27 

E 

D-E 

10/9 

3 

1 

1 

0 

1.333 

4/3 

£ 

E-F 

9/8 








F -G 

9/8 

4 

1 

0 

1 

1.60 

8/5 

a 

G-a. 

16/15 

5 

2 

2 

0 

1.777 

16/9 

b 

a.-li 

10/9 

6 

2 

0 

0 

2 

2 

c 

c. 

9/8 


fl = - 1 in Eq. (1) are tabulated in Table 2 and flat 
tones obtained by putting a = + 1 in Eq. ( 1 ) are listed 
in Table 3. 

It may be seen that the natural scale of music origin- 
ates from the above mentioned single mathematical 
series (or law), where a—±l and x,y and z are simple 
integers. While Table 2 gives six sharp tones (includ- 
ing G), Table 3 gives five flat tones. 

It may be noted that the frequency ratio of 5/3 
which is present as the major sixth in certain other oc- 
tavian scale^ does not find a place in the ‘natural har- 
monic scale of music’ referred to above. 

The derivation of the entire musical scale of 12 
tones from a single mathematical progression 
series, points to the existence of an integral relation- 
ship among various notes of the natural scale of music 
and lays down the scientific basis for the natural scale 
of musical octave. 

In a separate paper. Part II of this general title, the 


author presents the science of ragas, and their charac- 
teristic wave patterns. 
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Physics of Musical Scale and Ragas: Part H— Harmonic Laws Governing 
Evolution of Ragas (the Scales of Melodies) 
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Received 29 October 1985 

The importance of intertonal intervals, namely sruties in the constitution of ragas has been discussed. A series of 22 
sruties are shown to exist. It is shown that only 14 sruties out of 22 are consonant in nature and which alone, when present in 
a scale, can constitute ragas. It is further enunciated that only such sequences of sruties which can produce similar-shaped 
wave patterns in the two lower and upper chords of a scale, constitute ragas. On the basis of these laws, various scales are an- 
alyzed. In the series of 32 heptatonal scales, only 1 5 scales exhibit harmonic waves and these scales can constitute ragas. In- 
cidentally, 13 of these are also coinciding with the 13 known Hindustani heptatonal ragas. 


1 Introduction 

From the discussion in Part P of this common title, 
it may be noted that the natural basic scale of music is 
constituted of seven notes (swara), five of which (D,E, 
F, a and b) are having bvo tones each, one a flat (komal ) 
and the other a sharp (tivra); the basic scale thus 
consists of 12 tones, whose frequencies are defined in 
relation to the fundamental note C (Gram Sa) of the 
scale, and which are numerically simple ratios of the 
frequencies of particular notes to that of fundamental 
note C. These intervals between the fundamental and 
the tones fix the frequency points of consonant upper 
partial tones, in a continuum of noises produced from 
one pitch to higher ones, within an octave; their loca- 
tion, however, is governed by the Harmonic Law of 
Musical Scale expressed by Eq. ( 1 ) of Part I. 

When a number of tones are played in sequence, 
the melody of compounded tone depends not only on 
their frequency positions in the octavian scale which 
are determined in relation to one single note C, the 
fundamental or the ‘Gram’ (in Hindi), but also on in- 
tertonal intervals which should also be consonant in 
nature. These intertonal intervals can be determined 
as the ratios of the frequency of one tone to that of the 
preceding lower tone. Each preceding tone becomes 
the fundamental or Gram for the succeeding tone. 
Hence, these intertonal intervals cannot constitute a 
scale as each interval has different reference level or 
say key note, or fundamental or Gram. But they are 
important in the constitution of ragas, as may be seen 
henceforth. 

For the formulation of scales of melody, viz. ragas, it 
is not only neccssart' that the inter\'al benveen each 
tone (degree) and the key note of the scale should be 
consonant as per derivation from Eq.( 1 ) of Part I, but 
should also liavc a consonant intertonal interval 
among degrees. 


The total number of frequency intervals which can 
arise from playing in sequences any two tones out of 
12 tones of the basic scale, will be^'j-n == 78, where n 
is taken as 1 to 12. All these successive pairs of semi- 
tones and their frequency intervals were listed. 
Although the total number of possible pairs of semi- 
tones are 7 8, many of these frequency intervals are re- 
peated. The data listed in Table 1 are therefore 
organized in ascending order of intervals and the 
pairs of tones belonging to particular intervals are 
grouped together. Table 1 thus indicates the possible 
number of pairs of tones as 78 and the total number of 
different intervals as 31. 

But all these 31 intervals may not be consonant. 
Dissonant intervals present in 31 will not constitute 
scales of melody. Formulation of ragas thus depends 
on the exclusion of all such dissonant intertonal inter- 
vals of the series of 3 1 of Table 1 . The author proposes 
the following ‘exclusion principles’ for the identifica- 
tion and elimination of the dissonant pairs of interton- 
al intervals and thus to lay down the basis of formula- 
tion of ragas — the scales of melodies. 

For the sake of simplicity, the author shall adopt in 
subsequent tables and paragraphs Indian notations of 
musical scale for the 7 notes or 11 tones in place of 
usual notations C, D etc. as indicated in the following 
lines 

CDDEEE FGa a hb 
Sa Re Re Ga Ga Ma Ma Pa Dha Dha Nil Ni 


2 Microtonal Intervals — SRUTIES and Exclusion 
Principles for Formulation of Scales of Melodies 
1. 12 note octavian scale which includes both 
lower and upper fundamental notes C and c re,spect- 
ively can be considered to be constituted of two 
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Table 1— Intertonal Intervals between Any Two Degrees in 12 Tonal Scale 


SL. 

No. 

Intertonal 

ratio 

Interval 

Pair of notes forming identical 
intervals 

Pair of 
notes of 

dt<:<:nnnnf 




In lower chord 

In upper chord 

pair of 






intervals 

1. 

1/1 

1 

Sa 


Key note 

2. 

256/243 

1.0535 

Ga/Re 

Ni/Dha 

— 

3. 

135/128 

1.0547 

Re/Re. Ga/Ga. Ma/Ma 

Dha/Dha. Ni/Ni 

Yes 

4. 

16/15 

1.0666 

Re/Sa,Ma/Ga 

Pa/M^Dha/Pa,Sa/Ni 

— 

5. 

10/9 

1.1111 

Ga/Re. Ga/Re 

Ni/.Dha. Ni/Dha 

— 

6. 

9/8 

1.1250 

Re/S a, Ma/Ga. Ma/Ga 

Pa/Ma Dha/Pa, Sa/Nl 

— 

7. 

256/225 

1.1378 


Dha/Ma 

— 

8. 

75/64 

1.1718 

Ga/Re 

Ni/Dha 

— 

9. 

32/27 

1.1850 

Ga/Sa 

Sa/Dha 

— 

10. 

1215/1024 

1.1865 

Ma/Ga 


— 

11. 

6/5 

1.200 

Pa/Ga 

Dha/Ma. Dha/Ma 

— 

12. 

5/4 

1.250 

Ga/Sa, Ma/Re. Ma/Re 

Ni/Pa, Sa/Dha 

— 

13. 

512/405 

1.264 

Ni/Ma 


— 

14. 

81/64 

1.266 


Dha/Ma, Pa/Ga 

— 

15. 

32/25 

1.28 


Dha/Ga 

Yes 

16. 

675/512 

1.318 

Ma/Re 


— 

17. 

4/3 

1.333 

Ma/Sa. Pa/Re 

Ni/Ma, NL/Ma, Sa/Pa 

— ' 

18. 

27/20 

1.35 

Dha/Ga 


Yes 

19. 

45/32 

1.406 

Pa/Re. Ma/Sa 

Ni/Ma 

Yes 

20. 

64/45 

1.422 

Dha/Re. Ni/Ga 

Sa/Ma 

Yes 

21. 

729/512 

1.424 

Dha/Ga. Ni/Ga 


Yes 

22. 

3/2 

1.5 

Pa/Sa, Dha/Re 

Ni/Ga, Sa/Ma 

Yes 

23. 

128/81 

1.580 

Hi/Re, Ni/Ga 


Yes 

24. 

405/256 

1.582 

Dha/Re, Ni/Ga 


Yes 

25. 

8/5 

1.60 

Dha/Sa. Sa/Ga 


Yes 

26. 

5/3 

1.666 

Ni/Re, Ni/Re 


Yes 

27. 

27/16 

1.687 

Dha/Sa, Sa/Ga 


Yes 

28. 

225/128 

1.758 

Ni/Re 


Yes 

29. 

16/9 

1.777 

Ni/Sa. Sa/Re 


Yes 

30. 

15/8 

1.875 

Ni/Sa, Sa/Re 


Yes 

31. 

2 

2.000 

Sa 


Scalel key note 


Note: Second note (swara) of any pair of notes listed in columns 4 and 5 is always representing the lower frequency to the frequency of 
first note of the pair. 


cbords ‘lower’ and ‘upper’ of intertonal frequency 
lengths as indicated in the following: 


Lower chord length 

Upper chord length 

Tone 

Frequency 

Tone 

Frequency 

gap 

index 

gap 

index 

C-G 

1.5 

G-c 

1.33 

C-F 

1.33 

F-c 

1.5 


Here, the underlined note represents flat tone. When 
C - G is taken as lower chord, the upper chord will be 
G — c and when C — F is the lower chord, the upper 
chord will be F— c. 

2. In order to produce at least one harmonic of a 
tone within the octavian length, an intertonal interval 
cannot be larger than a chord length. 


(a) Intertonal intervals equal to the chord length of 
1 .5 and lesser index numbers are listed under SI. No.s 
1 to 22 in Table 1 . These intervals alone are significant 
intervals in the constitution of the scales and so they 
are designated here as ‘Microtonal Intervals’ or ‘Srut- 
ies’. All die remaining intervals of SI. Nos. 23 to 31 are 
therefore excluded as they cannot produce a harmon- 
ic in the octavian scale. 

(b) Since the lengths of the bvo chords of an octave 
are unequal as indicated under item 1 above, themax- 
imum length of intertonal interv'al which can produce 
a harmonic in the complementary chord cannot be 
larger than 1.33, the length of smaller chord. On this 
basis, another five microtonal intervals of SI. Nos. 18 
to 22 will be dissonant and so they are excluded. 

3. Such microtonal intervals which partially over- 
lap both of the two chords— lower and upper - can- 
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not produce a harmonic in the residual portions of 
any one of the two chords. Hence, these stuties are al- 
so excluded from the remaining 17. Sruti of SI. No. 
15 in Table 1 overlaps the two chords and so this dis- 
sonant sruti is excluded. We are thus left with 16 srut- 
ies 1 to 14, 16 and 17, from which we have to identify 
dissonant sruties, if existing any more. 

4. Sruti of SI. No. 3 and of index number 135/128 
represents an interval which exists in between the 
sharp and flat tones of each of the five notes, D , E, F, a 
and b of the basis scale. Since this interval is too small 
in magnitude and falls in between the other two smal- 
lest microtones of index numbers 256/243 and 16/ 
15, this sruti will produce dissonant sound in a scale. 
Hence, this sruti is excluded from the remaining. So 
we are left with 15 sruties. 

5. Since the sruti of SI. No. 1 corresponds to the in- 
terval of zero, this shruti should also be ignored for all 
practical purposes. 

We are thus left with 14 consonant sruties of SI. Nos. 
2, 4 to 14, 16 and 17. The remaining sruties out of 1 to 
22 of Table 1 are dissonant. Six consonant sruties of 
SI. Nos. 2, 4, 5, 6, 8 and 10 out of 14, which do not in- 
volve a note gap in between any pair of tones consti- 
tuting them, are listed in Table 2. Six consonant sruties 
ofSl.Nos.7,9, 11, 12, 14 and 16havingonenotegapin 
between a pair of tones are listed below in the same 
Table 2, and the two consonant sruties of SI. Nos. 13 
and 17 having a gap of two notes are listed further be- 
low in the same Table 2. 

From the exclusion of sruti 135/128 as mentioned 
in item 4 above, conclusion can be drawn that 

(a) A scale of melody (Raga) cannot simultaneous- 
ly incorporate both ‘flat’ and ‘sharp’ tones of one and 
the same note. 

(b) Hence, a musical scale of melody cannot have 
more than seven notes (swara). The scales of melod- 
ies— Ragas, can be thus constituted with a maximum 
of seven notes only. 

3 Characteristics of Sruties 
Before proceeding further with the formulation of 
ragas, let us precisely characterize sruties. Sruties rep- 
resent inter-tonal intervals between two successive 
tones and so they are not based on a single key note or 
a gram as does the basic scale of music. Key note for 
each sruti is different and is always the preceding note 
of each pair of tones which constitute sruties. Hence, 
sruties cannot and do not form a scale, a fact not un- 
derstood earlier-"'’ since the time of BharaF who 
wrote ten lines about sruties in Natya Shastra, around 
2400 B.C. or even earlier. Sruties, are, however, the 
foundation stones of ragas— the scales of melodies, 
and so they are as important as the basic scale of mu- 
sic. 


4 Formulation of Ragas— the Scales of Melodies 

Eleven tones of basic scale can mathematically give 
rise to a very large figure of 11 ! combinations of tones. 
Even 7 notes can give rise to 7! = 5040 combinations 
which is also a large number. Further, two fixed notes 
C and G and five variable notes D, E, F, a and b having 
each a pair of flat and sharp tones, can produce 
2^ = 32 heptatonic scales. AU such mathematical 
combinations of tones do not necessarily constitute 
ragas. 

A scale of music has two chords C — G designated 
as lower chord and G-C as upper chord. The 
presence of orderly sequences of sruties in the two 
chords of a scale which can generate rhythmic wave 
pattern, constitutes scales of ragas. 

In order to evolve rules of formation of raga scales, 
two diagrams, viz. Figs 1 and 2, named as ‘Raga 
Jaties’, or tonal horoscope for heptatonal ragas and 
penta- and hexatonal ragas respectively, will be 
helpful. 

The sequence of sruties in a scale can easily be fol- 
lowed with the help of these two diagrams . As indicat- 
ed earlier, 32 numbers of hepatonal scales are possi- 
ble. Out of these, 16 scales will be formed with flat Ma 
and remaining 16 scales with sharp Ma. Sixteen scales 
with flat Ma are listed in Table 3 and the remaining 16 
scales formed with sharp Ma, are listed in Table 4. 


Table 2 — Sraties with Different Note Gaps 




a. Sruties without any note gap 

SI. 

Interval 

Index No. 

Consecutive notes of 

No. 



Lower chord Upper chord 

1 

1.0535 

256/243 

Ga/Re Ni/Dha 

2 

1.066 

16/15 

Re/Sa. Ma/Ga Dha/Pa. Sa/Ni 




Pa/Ma 


1.111 

10/9 

Ga/Re, Ga/Re Ni/Dha, Ni/Dha 

4 

1.125 

9/8 

Re/Sa, Ma/Ga Dha/Pa, Sa/M 




Ma/Ga, Pa/Ma 

5 

1.1718 

75/64 

Ga/Re Ni/Dha 

6 

1.186 

1215/1024 

Ma/Ga 



b. Sruties with one note gap 

7 

1.1378 

256/225 

Dha/Ma 

8 

1.185 

32/27 

Ga/Sa Sa/Dha 

9 

1.20 

6/5 

Pa/Ga Dha/Ma, Dha/Ma 

10 

1.25 

5/4 

Ga/Sa, Ma/Re Ni/Pa, Sa/Dha 




Re/Ma 

11 

1.266 

21/64 

Pa/Ga Dha/Ma 

12 

1.318 

675/512 

Ma/Re 



c. Sruties with two notes gap 

13 

1.264 

512/405 

Ni/Ma Ni/Ra 

14 

1.333 

4/3 

Ma/Sa, Pa/Re Sa/Pa, Ni/Ma. 


Ni/Ma 


Note; Heptatonal ragas of 7 notes can be constituted with six srut- 
ics only which are listed in (a) whereas hexatonal and penta- 
tonal ragas can be constructed with 14 sruties, 6 of (a) and 
the remaining 6 of (b) and 2 of (c). 
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Table 3 — First Set of Heptatonal Scales with Flat Ma 


SI No. 

heptatonal 

SCALES WITH FLAT 'Ma* 
INTERTONAL INTERVALS 

AND 


WAVE 

PATTERNS 

C = CONSONANT 

D= DISSONANT 

HINDUSTANI 

RAGAS 

1 

Sa Re 

Ga 


Ma 

Pa 

Dha 

Ni 

Sa 



D 



1-066 1-171 


1-066 

1.125 

1-125 

1-111 

1-066 






2 

Sa ^ 

Ga. 



Pa 

Dha 

Ni 

Sa 



D 



1-066^^ 1.111 


1-125 

1-125 

1.125 

1.111 

1.066 






3 

Sa Re 

Ga 


Ma 

Pa 

Dha 

Ni 

Sa 



0 



1*066 1.111 


1.125 

1-125 

1*066 

1.171 

1.066 






L 

Sa Re 

Ga 


Ma 

Pa 

Dha 

w 

Sa 



r 

C 

BHAIRAVI 


1.06B 1.111 


1.125 

1.125 

1-066 

1.111 

1-125 






5 

Sa Re 

Ga 


Ma 

Pa 

Dha 


Sa 



C 

ASAWARI 


1.12S 1-053 


1-125 

1.125 

1.066 

1.111 

1-125 






6 

Sa Re 

Ga 



Pa 

Dha 

Ni 

Sa 



D 



1-125 1.111 


1-066 

1-125 

1-066 

1.111 

1.125 






7 

Sa Re 

Ga 


Ma 

Pa 

Dha 

th 

Sa 

-V- 

“NT" 

C 

KHAMMAJ 


1.12S 1.111 


1.066 

1.12S 

1-125 

1*053 

1.125 






8 

Sa Re 

Ga 


Ma 

Pa 

Oha 

Ni 

Sa 



D 








■ 



~V“ 





1.125 1-053 


1.125 

1.125 

1*066 

1.171 

1*066 






9 


Ga 


Ma 

Pa 

Oha 

Nt 

Sa 



C 

KAFI 





— 






"V" 




I-IJS 1-053 


M25 

1.125 

1*125 

1*053 

1*125 






10 

Sa Re 

Ga 


Ma 

Pa 

Oha 

Ni 

Sa 



0 
















1.Q66 1.171 


1-066 

1.125 

1.125 

1.053 

1*125 






11 

Sa Re 

Ga 



Pa 

Dha 

Ni 

Sa 

_A_ 


c 

8HAIRAV 


1-066 1.171 


1-066 

1.125 

1.066 

1,171 

1*066 






12 

Sa Re 

Ga 


Ma 

Pa 

Dha 

Ni 

Sa 



c 

JOGITA 


1.Q66 1.171 


1-086 

1.125 

1*066 

1.111 

1-125 






13 

Sa Re 

Ga 


Ma 

Pa 

Dha 

Ni 

Sa 

— . 


D 



1-066 1.111 


1-125 

1 .125 

1.125 

1.111 

1.066 






U 

Sa Re 

Ga 


Ma 

Pa 

Dha 

Ni 

Sa 




0 



1-125 1-053 


1-125 

1.125 

1.125 

1.111 

1.066 






15 

Sa Re 

Ga 


Ma 

Pa 

Oha 

Ni 

Sa 



_A_ 

0 



1.125 1-111 


1.066 

1.125 

1.066 

1-171 

1.066 






16 

Sa Re 

Ga 


Ma 

Pa 

Dha 

Ni 

Sa 




c 

Bl LAVAL 


1.125 1.111 


1.066 

1.125 

1.125 

1.111 

1.066 







Shapes of the wave patterns of two chords of each 
scale, are presented in column 3 of Tables 3 and 4. 
The shape pattern of the chord waves governs the 
acoustical character of the scales. 

5 Rules for Formulation of Orderly Wave 
Patterns for Evolving Ragas 

1. Presence of orderly sequences of sruties in the 
bvo chords of a scale which give rise to identical or 
closely rhythmic wave patterns in the two chords, 
constitute scales of ragas. 


2. The pattern of waves and their modal ampli- 
tudes are governed by the magnimdes of sruties which 
constitute them. 

3. Rhythmic wave patterns which constitute scales 
of melodies can have the following three shapes; 

(a) Unidirectional shape where the magnitude 
of sruties of the waves increases in the same 
direction in the two chords, either in the 
right or left direction; as indicated by the 
symbol — or in Tables 3 and 4. 
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Table 4— Second Set of Heptatonal Scales with Sharp Ma 


SI No. 

HEPTATONAL SCALES WITH SHARP ’Ha* 
INTERTONAL INTERVALS 

AND 


WAVE 

PATTERNS 

C = C0NS0NANT 

D = DISSONANT 

HINDUSTANI 

ragas 

1 

Sa ^ Ga 

Ma 

Pa 

Dha 

N1 

Sa 



C 

marva 


1.08 G 1-171 1.12 S 

1.086 

1-125 

1-111 

1.086 






2 

Sa Re Ga 

Ma 

Pa 

Oha 

Ni 

Sa 

^ 





1.086 1-111 1-066 

1.066 

1.125 

1-111 

1.066 






3 

Sa Rc Ga 

Ma 

Pa 

Dha 

Ni 

Sa 


_A_ 

c 

TODI 


1.086 1-111 1.188 

1.066 

1-068 

1.171 

1-066 






4 

Sa Re Ga 

Ma 

Pa 

Dha 

Ni 

Sa 




c 

BAHADURI 


1-086 1.111 1-186 

1-066 

1.066 

1-111 

1*125 





TODI 

5 

Sa Re Ga 

Ma 

Pa 

Dha 

Ni 

Sa 



D 



1-125 l.osa 1-186 

1.066 

1.066 

1*111 

1.125 






6 

Sa Re Ga 

Ma 

Pa 

Dha 


Sa 


.. 

D 



1-125 1.111 t .125 

1-066 

1-066 

1.111 

1*125 






7 

Sa Rs Ga 

Ma 

Pa 

Dha 

Ni 

Sa 

"V" 

"v- 

c 

HARSRINGAR 


1.125 1.111 1.125 

1.066 

1-12 5 

1-053 

1.125 






S 

Sa Re Gz 

Ma 

Pa 

Dha 

Ni 

Sa 

-A_ 


c 



1.125 1-083 1.186 

1.066 

1-066 

1.171 

1-066 






9 

Sa Re Ga 

Ma 

Pa 

Dha 

Ni 

Sa 



c 









"V" 





1-125 1-053 1.166 

1.066 

1.125 

1-053 

1.125 






10 

Sa Re Ga 

Ma 

Pa 

Dha 

Ni 

Sa 

-A- 

■V” 

D 



1.068 1-171 1.125 

1.068 

1.125 

1.053 

1*125 






11 

Sa Re Ga 

Ma 

Pa 

Dha 

Ni 

Sa 

-A_ 


c 

SREE 


1-068 1.171 1-125 

1.066 

1.066 

1-171 

1-066 






12 

Sa Re Ga 

Ma 

Pa 

Dha 

Ni 

Sa 

_A_ 



D 



1.066 1.171 1.125 

1.066 

1-066 

1.111 

1*125 






13 

Sa M ^ 

Ma 

Pa 

Dha 


Sa 



D 



1-066 1.111 1-186 

1.088 

1-125 

1-053 

1.125 






14 

Sa Re Ga^ 

Ma 

Pa 

Dha 

Ni 

5a 

"V“ 

^ — 

D 



1.125 1.083 Mie 

1-066 

1.125 

1-111 

1*066 






15 

Sa Re Ga 

Ma 

Pa 

Dha 

Ni 

Sa 

-y- 


D 



1.125 1.111 1.125 

1. G 66 

1.066 

M 71 

1*066 






16 

Sa Re Ga 

Ma 

Pa 

Dha 

Ni 

Sa 


C 

YAMAN 


t.lJS 1.111 1.1 J 5 

1.066 

1.125 

1.111 

1.066 







(b) Central peak shape, where the central 
sruties of the two chords are larger in magni- 
tude than those of the Uvo adjacent sruties as 
indicated by the symbol — ^ — in Tables 3 
and 4. 

(c) Central trough shape when the central srut- 
ies of the two chords are smaller in magni- 
tude than those of the two adjacent sruties, 
as indicated by the symbol — in Tables 3 
and 4. 


6 Application of Laws of Rhythmic Wave 

Chords to Heptatonic Scales 

Table 3 consists of 16 scales all with flat Ma. It may 
be noted that only seven scales of SI Nos 4, 5, 7, 9, 1 1 , 
12 and 16 out of sixteen scales of this table, obey the 
laws of symmetrical wave pattern of the two chords. 
This is evident from the shapes of wave curves given in 
column 3 of Table 3. Hence, only these seven scales 
out of sixteen constitute ragas. 


380 




MATHUR: PHYSICS OF MUSICAL SCALE AND RAGAS: PART II 



1-2 1 - 2 $ 1-2 



t.2 1.2S 1-2 


Fig. 2“Raga Jatica for penta- and hexa-tonal ragas 


In Hindustani music, these scales are known as, 
Bhairavi (SI No.4), Asawari (SI No. 5), Khammaj (SI 
No 7), Kafi (SI No. 9), Bhairav (SI No. 11 ), Jogiya (SI 
No. 12) and Bilaval (SI. No. 16). 

Scales corresponding to SI Nos 2, 6 and 13 show 
p^o opposite waves in the two chords, which produce 
^coherency. So these three scales cannot consitute 
Ragas. Wave patterns of the remaining scales of SI 
Nos 1, 3, 8, 10, 14 and 15 do not exhibit the presence 
of conjugal wave patterns in their two chords and so 
none of them can make a raga. 

Table 4 consists of 16 scales all with sharp Ma. It 
aiay be seen that only eight scales of SI Nos 1 , 3, 4, 7, 8, 
^11 and 16 follow the law of construction of ragas. In 
ffindustani music system, six of them are known as 
Marva (SI No. 1), Todi (SI No. 3), Bahadur! todi (SI. 
No.4).Harsringar (SI, No. 7), Purvi or Sree (SI No. 11 ) 
^dYaman (SI No. 16). 

Other scales of SI Nos 8 and 9 of Table 4 show some 
orderliness. The corresponding raga names of these 
scales in Hindustani music could not be identified by 
fhe author. It may, therefore, be noted that only 1 5 out 
of the 32 possible heptatonal scales listed in Tables 3 
4, follow the laws of rhythmic patterns in their two 
Chords and so they alone constitute ragas. 


7 Conclusion 

In this paper, the author has enunciated the laws of 
evolution of sruties and ragas and concluded with the 
derivation of 15 scales of melodies 13 of which inci- 
dentally are also the heptatonal scales of ragas of Hin- 
dustani music, from the mathematically possible 32 
heptatonal scales. Derivation of the remaining series 
of scales of ragas of heptatonal intercombinations, 
hexatonai and pentatonal will be discussed in the 
third part of this series of papers on the physics of mu- 
sic. 

The author compiled a large number of facts, 
figures and data, particularly on Indian music and 
processed the data in multitudes of ways and analyzed 
them in the light of the principles of modem physics, 
in search of finding hidden correlations, links and or- 
derliness among the known melodies, and thus ended 
up with the advancement of acousfical laws and rules 
governing the basic scale of music and the origin of ra- 
gas— the scales ofmelodies, which are of universal na- 
ture and belong to the entire world as a piece of scien- 
tific truth, although they were discovered in the east in 
times immemorial. The author’s contribution is only a 
part of the same stream of great heritage of India, 
flowing from vedic times to eternity. 
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Measurements of cross-field diffusion coefficient were made in an axial magnetic field. The e-folding length of the 
plasma density ( q,) in the radial direction was measured in two pressure ranges: (i) low pressures where the plasma length 
(L)issmallerthantheionmeanfreee-path(Ai)and(ii)highpressuresatwhich(L)islargerthan(Ai).Thediffusioncoefficient 
A i(9s) calculated and compared with the estimated Dj jl( Tj), where is the ion collision time. Diffusion is found to be 
more effective in the determination of the ion density distribution compared to the ion gyro-radius, particularly at high 
pressures. 


1 Introduction 

Measurements of the diffusion coefficient of 
plasma for different plasma devices are described in 
the literature. However, most of them are made in 
multipole magetic fields*’^. We studied plasma diffu- 
sion across an axial magnetic field . The transverse dif- 
fusion coefficient (Ai) be estimated (i) from 
measurements of the radial distribution of the plasma 
density or (ii) from the ratio of electron-to-ion cur- 
rents {IJIj) collected by a single Langmuir probe 
which is directed perpendicular to the magnetic field 
B. These two methods are based on the application of 
the classical theory of Bohm^. The e-folding length of 
plasma density (q) in the radial direction is given by: 

where Lis the plasma length, the transverse diffu- 
sion coefficient of the electrons and ya quantity equal 
to the ion velocity Vj. 

Value of Lg was calculated following Eq. ( 1 ) and it 
was found that this value was larger than the value the- 
oretically estimated from the collision time of elec- 
trons with neutral particles by two orders of magni- 
tude. Therefore, an alternative formula has to be 
used. Simon'’ and more recently Okuda and Dawson^ 
have shown that the actual diffusion rate is faster than 
that predicted by the classical collision theory. The 
enhanced diffusion value is generally believed to be 
caused by ‘fluctuation levels’ which are excited, thus 
increasing the diffusion rate above the thermal level. 
The physical origin of the enhanced diffusion is due to 
convective ceils which are thermally excited. It is 
found that the diffusion coefficient value changes with 


•Present address: Al-Ahsa T T College, P.O. Box 2313, Hufuf. 
Saudia Arabia 


the magnetic field at different rates depending on the 
magnetic field strength. At sufficiently weak magnetic 
fields, Dis proportional to At moderate magne- 
tic fields, where the cyclotron frequency 0)^^ is nearly 
equal to the plasma frequency (Op^, the diffusion coef- 
ficient of electrons {D^) is enhanced to that of ions (Dj) 
and is almost independent of B, and finally at large 
magnetic fields, where the ionic cyclotron frequency 
{ cUci) is higer than the corresponding plasma frequen- 
cy o)p„ the value of is proportional to B~^ (Bohm 
region). In our studies, we applied a magnetic field of 
about 500-1000 G which can be considered as a weak 
magnetic field. ‘ ’ 

Simon'* used the transverse diffusion coefficient of 
ions instead of that of electrons and thus Eq. (1 ) was 
modified to: 

q={LD,,/v,y'^ ...( 2 ) 

The possibility of a short-circuiting mechanism was 
considered in the modified theory of Simon**. The in- 
fluence of the radial electric field on the diffusion rate 
may be nullified by electrons diffusing along the mag- 
netic field lines towards the end of the plasma device 
walls. The rate of diffusion along the radial direction 
thus may not any more be ambipolar. It will be deter- 
mined only by the diffusion coefficient of the ions and 
not by the much smaller diffusion coefficient of the 
electrons perpendicular to the magnetic field. The in- 
fluence of the radial electric field £). on diffusion rate 
can be neglected compared to that of the axial electric 
field if E/ ( r)- < E^, where T; is the collision time 
of ions. When L> A;, the diffusion coefficient of the 
ions Z)j is given by: 

D,^ = 7t^qlDVLy ...(3) 

where L»? is the ambipolar diffusion coefficient in the 
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direction of the magnetic field as given by Zharinov®, 


and Tonks^: 


D^=2D” = 2/3AiVi, forr,= 7: 

...(4) 

and 


ioxT,>T, 

...(5) 

The e-folding length is given by: 


= 0.25L/Ai/ri 

...(6) 


where is the ion Larmor radius, i.e. ion gyro-radius. 

According to formulae (3)-(6), the e-folding length 
is expected to be of the same order of magnitude as 
that of the ion gyro-radius. In the folowing sections, 
these formulae are used to evaluate the diffusion coef- 
ficient of ions across an axial magnetic field in (i) high 
pressure (L> A;) and (ii) low pressure (L< A,) ranges. 
The effects of the ion gyro-radius and diffusion on the 
plasma density profile are also discussed. 

2 Apparatus 

The apparatus (Fig. 1) consists of an evacuated 
cylindrical glass vessel (Im length and 15cm diam), 
surrounded by water-cooled coils fed with electric 
current to produce magnetic fields of up to 1500 G. 
On top of the glass vessel is set a duoplasmatron as the 
plasma source, which releases ions and electrons into 
the vessel. The plasma flow is kept continuous and en- 
ters the vessel through the anode aperture of 2 mm di- 
ameter to enter an axial magnetic field, stretching 
over a length 5 0 cm of the vessel, starting at one end at 
5 cm from the anode aperture. The magnetic field 
along the axis of the plasma device can be raised up to 
1500 G. The vacuum vessel was connected to diffu- 
sion pumps and finally to rotarj' pumps. The final 
vacuum produced was better than 10“*’ Torr, while 


the running gas pressure was between 10“^-10~‘’ 
Torr. Measurements were made mainly with hydrog- 
en gas. The pressure in the plasma source was be- 
tween 0.01 and 0.1 Torr. The arc current inside the 
source was about 5 A for hydrogen gas. 

The length of the plasma beam L was about 50 cm. 
The measurements of plasma characteristics were 
made using a single Langmuir probe and compared 
with those obtained from spectroscopic data. The 
electron temperature ( 2^) was between 10 and 6 eV, 
the ion temperature ( 7^) between 1 and 0.5 eV. The 
plasma density ranged between 10^° and 10® cm“^ 
when the pressure ranged between 10“^ and 10“'' 
Torr. The mean free-path in hydrogen plasma at the 
lowest pressuue was about 5 m for electrons and 2 m 
for ions, as estimated from the collisions with neutral 
particles. This suggests that the particles leave the 
plasma source and do not collide with charged parti- 
cles. By increasing the arc current, the plasma density 
in the centre of the glass vessel can be raised by a fac- 
tor of 1 .2. The plasma beam was hardly visible at high 
pressures; only a weak glow was observed. At the low- 
est pressure, a luminous plasma column appeared, its 
diameter decreasing with increase in applied magne- 
tic field. 

3 Results and Discussion 

Investigations on the electron energies were made 
by an analysis of the I-V characteristics of a single 
probe following the method of Elakshar and 
Nossair^. The electrons leave the duoplasmatron 
with an electron temperature of about 10 eV, super- 
posed with a group of fast electrons of about 20-30 
eV, at the low pressure ( 10 “ ^ Torr). Collisions of these 
fast electrons with the neutral gas molecules cause an 
additional ionization, so that the plasma density in- 
creased from a value of about 10® cm“^ at 10 Torr 
to densities as high as 10'® cm~^ at 10“^ Torr. 



Fig. 1 — Expcrimentnl arrangement (F; filament, I.E.: intermedi- 
ate electrode. .A; anode. G: grid and C; coils] 
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A mesh grid of 18 lines/inch was fixed just in front 
of the anode aperture. Plasma instability was ob- 
served when the grid was biased by a potential posi- 
tive relative to the anode. Using a 1 mm single plane 
probe, which was set at 15 cm from the grid, frequen- 
cies in the range of 30-60 kHz were detected (Fig. 2). 
The frequency detector consisted of a band-pass fil- 
ter, a calibrated spectrum analyzer and either an X-Y 
plotter or an oscilloscope. The instability may be at- 
tributed to drift waves which exist in the presence of a 
diamagnetic current^; full details of this observation 
will be pubMshed separately. 

Since perturbation of the plasma by probes was an- 
ticipated, a plane probe (1 mm diam) was chosen to 
minimize the probe effect and also enable detection of 
short-range variations in plasma density. However, 
the probe measurements were calibrated by compar- 
ison with spectroscopic observations. The ratio of in- 
tensities ofemission lines of helium was measured and 
compared with the results of theoretical calculation 
reported by Sovie*°. This check revealed that the cal- 
ibrations made with the probe are 90% reliable. 

The diffusion coefficient of ions across the axial 
magnetic field was determined indirectly from the ra- 
dial distribution of the plasma density, i.e. by measur- 
ing (?s and using Eq. (3). The plasma density distribu- 
tion was measured using the planar single probe 
which sampled ions in proportion to their local 
density. Three different theories were applied to cal- 
culate the density; those of (a) Kagan and Perel“, (b) 
Fujita and Akazaki'^, and (c) Langmuir and Blod- 
gett^^ .The plots of plasma density as afunctionof r ac- 


cording to the theories are shown in Fig. 3. The uncer- 
tainty in calculating the density as a function of the dis- 
tance (r), when the Langmuir theory was used, was 
minimized by giving the probe a fixed potential equal 
to the space potential instead of biasing it by a relative 
variable negative voltage with respect to plasma pot- 
ential. The plasma density was also measured using a 
double probe instead of the single probe and the re- 
suts are shown in curve d in Fig. 3. The double probe 
theory suggested by Polman^'* and modified by Swift 
and S chwar ’ ^ was used for plotting the curve. It is seen 
that curves (a)-(d) in Fig. 3 are reasonably close. 

The e-folding length (gj was estimated from the 
slope of the straight portion of the plot of density in log 
scale (or the ion saturation current collected by the 
probe) versus radial distance r. According to Simon’s 
theory'’, the plot of inverse of versus B should yield 
a straight line and it is found to be so from the inset of 
Fig. 3. 

At a pressure of 5 x 10 Torr and a magnetic field 
of 5 0 0 G, the estimated value of in metres was about 
0.6 ± 10%. The comparison of the experimental and 
theoretical values of q^ is difficult because of the un- 
certainty in the determination of the parameters 7] 
(and hence Vj) and A;. Values of were measured using 
an ion-sensitive probe (Katsumata and Okaza’®) and 
also compared with results using a multi-electrode 
probe. Typical ion temperature was estimated to be 
1-0.5 eV ± 10%. Consequently, the error in the calcu- 
lated ion Larmor radius ( = mv/eB) would not be 
more than 3%. For a value of B about 500 G, the ion 
Larmor radius was 2 mm ± 3%. 



Fig. 2— Frequency of the observed plasma fluctuations at a gas 
pressure of Torr [(a) at 300 G,(b)at 500 G, and (c) at 800 G] 
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Fig. 3— Plots of the linear portions of log plasma density versus 
radial distance (r) at a pressure of 5 x 10 "* Torn [Curves a, b, c, 
and d represent the probe theories: Kagan and Perel", Fujita 
and Akazaki'^, Langmuir and Blodgett'^ and Polman''*, respect- 
ively. Inset represents the relation between \lq^ and B.] 

The correct estimation of the ion mean free-path 
(A;) is influenced by the accuracy of determination of 
such parameters as: the gas pressure {p), the gas tem- 
peratue (TgaJ and the ion-neutral particle collision 
cross-section ( Q_ „). The value of p was measured us- 
ing a calibrated ionization gauge and a correction fac- 
torforhydrogengas( = 2.11)wasused.Stillan experi- 
mental error in the value of p must be 8 - 10 %. was 
assumed equal to room temperature (300 K), since 
the ratio of densities of ions and neutrals was only 
1:1000. Values of Qi.„ was taken from different 
sources (e.g. Rapp and Francis‘S and Drawin*®). This 
value may have a 10% error. A total of 23% error must 
be allowed for q,. Since the coefficient depends 
uponthevaluesofif.Aj, 7^ and 7J, a total of about 50% 
error has to be allowed for the value estimated. 

Assuming that the vacuum vessel contains mainly 
hydrogen ions ( 7[ = 1-0.5 eV), which were responsi- 
ble for the density distribution, the e-folding length 
{( 7 ,) of the hydrogen ions is calculated from Eq. ( 6 ). 
Sub.stituting Ai = 5 cm ±20%, p=5xl0"' Torr, 
A(, = 5 X lO'-’cm'^ (2i_n = 40x 10" ’Rvalue of < 7 , is 
found to be 2.5 Tji ± 23%, which value is in fair agree- 
ment with the experimental determination. 

Since 7^/ 7] in the present work is about 5, therateof 
diffusion in the radial direction of the axial magnetic 
field was calculated usingEqs{3)and(5)andreported 
in Table 1 . 


Table 1— Comparision of Values of Diffusion 
Coefficient (D,), Calculated Using Eqs (3) and (5) 
[Gas Pressure = 5 x 10““' Torr, A; = 5 cm and V| = 10'’ cm/s] 


B 

% 

«ci 

L>jj^(incm^/s) 

G 

cm 


calculated 

from 




Eq.(3) 

Eq.(8) 

500 

0.5 

5x 10'' 

8216+50% 

2666 

1000 

0.3 

ixlO'' 

2957 ±50% 

666 


The diffusion coefficient can also be calculated the- 
oretically from the estimated collision time ( T;), using 
the equation 

Ai{Ti) = 73°/H-cUciU •••(7) 

= D1/(olr] ...( 8 ) 

However, values of D; j^( Tj) depend upon the 
collision time of the ions with neutral particles (tj). 
This quantity may not be determined better than a 
factor of 3. Hence the difference between ±e experi- 
mental [Dj and theoretical [Dj j, { Tj)] values of the 

diffusion coefficient may be expected to be one order 
of magnitude. Table 1 shows that the value of T); x( Tj), 
is lower than A x(^s) by a factor of 3 at low magnetic 
field. This difference rises to factor of 4, at a magnetic 
field of 100 G. 

The agreement of the plots of versus /-from ex- 
perimental observations with those based on Simon’s 
theory, indicated that diffusion is mainly responsible 
for forming the density profile. Since the ratio Z/Aj ob- 
served during the present experiment to be 10 is larg- 
er compared to the value 3 found from calculations 
based on Simon’s theory, it is evident that the ion gy- 
ro-radius effect should be less dominating compared 
to diffusion. According to Simon’s theory, 
the value of Z/Aj should be chosen as high as possible 
in order that the plasma may come out of the region 
where the ion gyro-radius effect dominates. How- 
ever, value of Z/A; must be limited to such values at 
which the short-circuiting mechanism is still opera- 
tive. 

The measurements were repeated at the low pres- 
sure range ( 10 “ ® Torr), where A; is determined by ion- 
neutral particles collisions. Li this pressure range, Aj 
was about 2 m and thus L< A;. Simon’s theory is modi- 
fied in this case and the e-folding length is given by: 

93 = 0.5{ZZAi)>/V„. ...(9) 

The e-folding length is thus much smaller than so 
that the diffusion distribution is certainly lost in a 
density distribution given by the ion gyro-radius 
effect. Using the experimental curves of density as a 
function of radial distance (Fig. 4) < 7 , was determined 
at different magnetic fields. At Requal 500 G, q, was 
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Fig. 4— Plots of linear portions of log plasma density versus 
radial distance (r) at a pressure of 10'^ Torr. 


Table 2— Comparison of Values of Diffusion Coefficient 
(Dj) Calculated Using Eqs (3) and (8) 


[Gas pressure 

= 10- 

® Torr, Ai = 

200 cm, Vj = 1.4 X 10® cm/s] 

B 


Wei 

Dj X (in cmVs) 

G 

cm 

s"' 

calculated from 




Eq.(3) Eq.(8) 

500 

0.9 

5X10* 

149 X 10'’ 182 

1000 

0.5 

IX 10" 

46 X 10'’ 45 


about 0.9 cm which is about is about four times the 
gyro-radius r^. This is more than one order of magni- 
tude higher than the theoretical calculation using Si- 
mon’s Aeory [Eq. (9 )]. The disagreement between the 
values of experimentally determined and 
theoretically evaluated using Simon’s formula shows 
that it is the ion gyro-radius effect which determines 
the radial density distribution at low pressures, i.e. 
when the ion mean free-path A; is much longer than 
the plasma beam length L. The measurements were 
also made at a higer magnetic field B ( 1000 G) and the 
same conclusion was arrived at. Values of Dj at the low 
pressure range for magnetic fields of 500 and 1000 G 
were also calculated. A comparision of the experi- 
mental Dj ) and theoretical A ^ ( Tj ) values is made 
in Table 2. The results show the considerable devia- 
tion between these two values when Aj > L. 

4 Conclusion 

The ion density distribution in the radial direction 
is determined more by diffusion than by the ion gyro- 
radius effect, provided that the plasma length L is 
larger than the ion mean free-path A; so that a colli- 
sional, diffusion-determined model is set up. At low 
pressures, this is not the case since A; would be larger 
than L and, therefore, the density profile is probably 
determined by the ion gyro-radius effect. 
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Expressions for diffracted intensities from an aggregate of cylindrically curved crystallites according to the model proposed 
by G B Mitra and S Bhattacherjee £Acta Crystallogr Sect B (Denmark), 31 (1975) 2851] have been derived assuming two 
different types of layer disorders as described by S Bhattacherjee ei al {Indian J Pure & Appl Phys, 18 (1980) 1], Numerical 
computations have been carried out to study the effect of variation of the parameters on the diffracted intensities and the 
significant deviations from the intensities corresponding to ordered erystalliles, are pointed out. 


1 Introduction 

In a recent publication, the present authors^ derived 
expressions for the diffracted intensities of X-rays from 
an aggregate of cylindrically curved crystallites with 
different types of layer disorders. One of the disorders 
considered consists of a cylindrical layer displaced 
parallel to itself about the common axis by an angular 
distance ^/2 with respect to its adjacent layer. The 
other type of disorder is characterized by variability of 
interlayer spacings in layer lattices. The starting model 
and mathematical treatment were primarily based on 
the work of Mitra and Bhattacherjee^. Following a 
similar approach, the intensity of X-rays diffracted by a 
conglomeration of disordered cylindrical crystallites 
with layer shift of the above type by an amount ()7/3, 
analogous to h/3 shift in planar layer lattice, and with 
different extents of variability of interlayer spacings, 
has been worked out. All the symbols used in this work 
carry the same meaning as defined by Bhattacherjee et 
al} 

2 Derivation of Expression for 

Diffraction Intensity 

Let the disordered cylindrical fragment consist of 
three different types of layers A, B and C. The crystallite 
starts with layer A which is taken as reference layer. B 
and C are shifted layers displaced by and 
respectively with respect to the reference layer where 
the subscript m denotes the position of the layer 
{Fig. 1 ). Let Hj be the probability of a mistake occurring 
to each added layer such that the sequence changes 
from AAA...BBB... or CCC... Assuming a, to be the 
same for both types of mistakes and following WiIson^ 
it may be written as: 

A„ + B„ + C„ = ] (jj 

where A„, B„ and C„ arc the probabilities of the mth 
layer being A, B or C respectively as defined by 


Wilson'*^. According to Mitra and Bhattacherjee^, the 
position vector t„„, of any lattice point occupying nth 
site in the mth arc or layer on the ith stack is described 
by the cylindrical coordinates (R + mb), n(p„ and L 
respectively. Dut to layer shift as discussed above, the 
angular coordinate n(p„ will be modified. Using Eq. (1), 
the average angular position of the lattice point can be 
written as (n -f BJ since according to Wilson"* 

= C„. In the present model, only the azimuthal 
coordinate n(p„ is to be replaced by {n + B^(p„ for 
intensity calculation. The position vector can now 
be written as: 


?nmt = + mb)sm(n + B„) (p„ 

+ iy{R + mb)cos{n + BJ^„ + i-t, ... (2) 

Using this value of and proceeding exactly in the 
same manner as that of Mitra and Bhattacherjee^, the 
diffracted intensity, l(h’) from a conglomeration of 
identical cylindrical crystallites with layer shift can be 
shown to be given by: 



sin^(n3To) 


A; UNSHIFTED LAYERS 
B,C; SHIFTED LAYERS 


POSITION OF LATTICE 
POINT IN UNSHIFTED 
LAYER 



Fig. 1 — Model of faullcd clyindrical laliice wilh layer shift 
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X 


X 


1/2 


(l+mr2(;Po)^ + (l+mV2<Po)^ 


X 


X 


E Jo 

n,n'/Tvn' 





(1 +mAr2(pQY + {\ +/n'^r2<Po)2 


+mr2(poXl + m'r2(Po) 

X cos-^ 

QN [(1 4- mr2(po) (I + m'rj^o) 


-2(1 -hmAr2(Po)(l +m'Ar2(pQ) 
2n f 

''''°®Qiv](l + /«4(r2<Po) 


... (3) 

The common symbols have the same meanings as 
defined by Mitra and Bhattacherjee^. If there is no slip, 
= = 0 and Eq. (3) reduces exactly to Eq. (13) of 

Mitra and Bhattacheijee^, as expected. 

The second type of stacking fault is characterized by 
variability of interlayer spacings and consists of b being 
variable to the extent that b due to faulting is 6 + gb, 
where lg| is a small fraction assumed to be constant. 
Following arguments similar to those of Wilson'*^, the 
average radial position of the mth layer has been 
worked out by Bhattacherjee et al.^ and is equal to R 
+ mb(\+a^g), where is the probability of a layer 
being so faulted. So to obtain intensity expression 
when both the faults are coexistent, we simply replace b 
by 6(1 + a<.g) or rj (which is equal to b/a) by Ar 2 where 
^ = 1 + a^g in Eq. (3). The final expression for intensity 
from such a system is: 


lo 


sin^fTiT/o) 

sin^Citlo) 


{n' + BJ 

(1 +m’Ar2(Po}j I - 

Eq. (4) is the general expression for the diffracted 
intensity from an aggregate of disordered cylindrical 
crystallites with both the stacking faults as discussed. 
For crystallites without any defects B„ = B^,==0,g = 0 
and Eq. (4) reduces again to Eq. (13) of Mitra and 
Bhattacherjee^ as expected. 

3 Results and Discussion 

Numerical computations for typical cases have been 
carried out based on Eqs (3) and (4). The results of the 
calculations are shown in Figs 2-4. 

Fig. 2 shows the variational patterns of intensities 
from crystallites with layer shift and with variability. 
The patterns follow more or less the same form as that 
for ordered crystallites having maxima nearly at 
identical positions. As expected, the heights and 
sharpness of the principal maxima decrease with 
defect — the effect being more apparent in case of 
variability. The secondary peaks are in general, broad 



Fig. 2-Di(rracted intensities from an axially parallel aggregate of cylindrical crystallites with ordered arrangement, with layer shift (a.) and 

with variability {A) 
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Pig. 3 — Diffracted intensities from an axially parallel aggregate of cylindrical crystallites with different values of layer shift {aj and with 

different values of variability {A) 



Fig. 4 — Diffracted intensities from an axially parallel aggregate of cylindrical crystallites with layer shift (aj, or variability (,4) and with both 

the defects simultaneously present 


with a tendency to shift towards the higher angle side. 
However, for these peaks the broadening is found to be 
more due to layer shift defect. It is observed that the 
peak around h' = 1.4 shifts towards the lower angle side 
due to variability defect as compared to peaks due to 
ordered crystallites and crj-stallitcs with layer shift. 
Unlike the principal maxima, the secondary ones 
appear to be affected more by the layer shift defect 


Fig. 3 reveals more or less the same features. A close 
examination, however, reveals that the effect of 
increasing in general, is to decrease the heights and 
increase the broadening of the peaks. Increase of 
variability has also similar effects. Comparison of these 
results with those reported by the authors-* for (p/2 
shift shows that the changes of the corresponding 
features of the pattern are greater in case of (p/2 shift. 
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These observations are similar to those reported by 
Roy et al.^ for the model of crystallites developed by 
Mitra and Bhattacherjee^. Fig. 4 reveals one very 
interesting feature of the dilTraction pattern from 
crystallite configuration where both the defects 
coexist. At the principal maxima (at /i' = 1 and 2), the 
effect of combined defects is to reduce the peak heights 
compared to that for the individual defect, whereas at 
the other points the effect is not so noticeable. It is also 
observed that the diffraction intensities from 
crystallites with both the defects are almost identical 
with those from crystallites with variability having the 
same A value. Tins observation leads us to conclude 
that when both the defects are present, it is the 
variability which will affect the intensity more than the 
layer shift. On the other hand, independently, the 
effect of layer shift is more pronounced. Thus we can 
conclude that the effect of the defects, is general, is a 
diminution of peak heights accompanied by 
broadening and slight shift of peak positions. The 
secondary peaks are affected more by layer shift 
whereas the primary ones are more affected by 
variability. 

4 Concluding Remarks 

Several minerals such as chrysotile and halloysite 
are found to have cylindrical lattices. Assuming the 


model to be similar to the one described by Mitra and 
Bhattacheijee^ and considered in the present work, 
attempts have been made by Toman and Frueh’, and 
Mitra and Bhattacherjee^ to solve the structures of 
chrysotile and halloysite respectively with appropriate 
diffraction theories developed by them. However, their 
theoretical predictions agreed only partially with 
experimental observations. This partial agreement 
may be attributed to the fact that none of these authors 
considered in their analyses the types of defects 
discussed here which are quite likely to be present in 
natural mineral samples. Hence, the results of the 
present calculations may find useful applications in 
solving such practical problems more convincingly. 
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Finely powdered, pre-reacted, polycrystalline CuInSe^ was flash evaporated onto glass substrates. The thin films obtained 
in this manner were characterized by Transmission Electron Microscopy (TEM). The optical absorption of the films was 
studied in the spectral range 700- 1 300 nm and analyzed. The effect of the background absorption on the absorption spectrum is 
discussed. From this analysis, the band-gap of CuInSe^ is found to be 1.02 + 0.01 eV. All films deposited were of/;-type. The 
electrical conductivity of the films was measured in the temperature range ' 77-550 K by four-probe technique with indium 
pressure contacts. The activation energy of 100 meV obtained at high temperature is attributed to acceptor copper vacancies. 


1 Introduction 

The I-III-VI 2 ternary semiconductors crystallize in 
the chalcopyrite structure, which belongs to the space- 
group 7-4 Id. They are the ternary analogues of the 
binary II-VI compounds (ZnS, ZnSe, CdS, etc.). This 
class of semiconductors covers a wide band-gap range 
(1. 0-2.5 eV) and all of them have a very small lattice- 
mismatch with CdS, a wide band-gap semiconductor 
used in heterojunction solar cells as an /i-type window. 
Moreover, most of them can be made either n- or p- 
type conducting. Hence, the chalcopyrites are very 
important in the field of photovoltaics. In fact, a 12% 
efficient single crystal solar-cell of p-CuInSe 2 /CdS has 
been reported by Shay et al. * The space-group 74 2d is 
an anisotropic, non-centrosymmetric crystal structure 
and permits non-linear optical properties and 
birefringence and is suitable for phase-matched 
parametric optical mbdng. An excellent review of the 
ternary chalcopyrites is found in the book by Shay and 
Wernick^. 

The valence-band structure of the ternary 
chalcopyrites has been investigated by many research 
workers by utilizing the technique of electro- 
reflectance^ The three-fold degeneracy of the p-like 
r ,5 level in the zinc-blende compounds is completely 
lifted by the combined influences of the spin-orbit 
interaction and the non-cubic crystalline field. The 
direct band-gaps of the I-III-VI 2 compounds are low 
relative to their binary analogues due to a partial 
cancellation of the positive spin-orbit parameters for 
p-levels and negative ones for ^/-levels. The presence of 
the d-levcls has been directly observed in the 
clectroreflectance spectra^. The technique of optical 
absorption in thin films has also been used by various 
workers*’ to identify the three basic energy-gaps /1, 5 

and C which correspond to the forbidden band-gap, 
the crj'stal field split and the spin-orbit split levels 
respectively. 


In the present study, the optical absorption and 
electrical conductivity of flash evaporated thin films of 
CuInSej have been studied. The effect of the 
background absorption (BA) on the optical absorption 
spectrum has been investigated. Loferski^ has 
reviewed the performance of CuInSe 2 /CdS thin film 
solar cells prepared by various techniques and it has 
been concluded that the flash evaporated and 
sputtered films were more nearly stoichiometric and of 
more reproducible compositions. Hence, the flash 
evaporation technique has been used for thin film 
preparation in our study. The compound CuInSe 2 has 
been studied by various research workers by different 
techniques. Shay et al.^ reported a band-gap of 1.04 eV 
by the electroreflectance technique, whereas, from the 
slope of the intrinsic region of electrical con-_ 
ductivity^®, the intrinsic band-gap was found to be 
1.07 eV. At least two donor and one acceptor levels 
were identified for CuInSe 2 by electrical conductivity 
and photoconductivity techniques From electrical 
transport measurements on thin films hole 
mobilities in the range 1-8 cm^/Vs were reported. From 
the photoconductivity of vacuum-deposited films”, 
decay times of the order of 1 ms for p- and n-type films 
were observed^ 

The optical absorption in flash evaporated CuInSe 2 
thin films was studied by Horig et al.^ and the 
fundamental band-gap found to be 1.02 eV. An 
analysis of the spectrum enabled them to calculate the 
energy level B to be 1.03 eV. Neumann et al.’’ have also 
studied the optical absorption of thin films of CuInSe 2 
and reported the band-gap as 1.01 eV and the energy 
level C to be 1 .25 eV. The three energy levels A, Band C 
were found to be 1.04, 1.04 and 1.27 eV respectively by 
electroreflectance measurements'^. 

2 Experimental Details 

Preparation of CulnSe 2 — Polycrystallinc bulk of 
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CuInSe^ ft-as prepared by Rising together, stoichiomet- 
nc quantities of 99.999% pure Cn, In and S= in 
eradiated quartz ampoules at 11S0»C. The formation 
Of good sing phase chalcopjTite was verified by X-ray 
ponder ddfraction technique. The comjxisifcn 
anal^is o^e bulk was done by Electron Prol^Micro 
/ta^ysis (EPMA) using pure copper and indium 
autoomde as standards and Se was estimated by the 

regons of the mgot showed that the entire ingot was 
chaSrtf TTie polycrystalline 

tergethusoblained was fmely powdered and usedfor 

ilash evaporation. 

f simple flash deposition 

laboratory was employed 
ZnZ ^ A caiiing-beU t^ 

whirh ^ vibrator, the amplitude of 

vibratfd^-r? powdered CuInSe^ and 

^bigd with the help of the vibrator. The powder fell 

instantfl nOO'^C and evaporated 

Hinri evaporation was carried out in a 

™nQ gghvac coating unit under a vacuum of 10 

weri^* . ^ thickness in the range 0.1-0.5 pm 

temtvr substrates. The substrate 

pe ature was 300 K in all the cases. 

microscopy (TEM)-The 
Frnm'!!.^ mimmum thickness were used for TEM. 
clearlv ^ area diffractogram (SAD), it was 

diam polycrystalline. From the 

ofr.iT obtained, the lattice parameters 

= 11 76^^ calculated as o = 5.85 ±0.03 A and c 
hiiiu i~ ^ which are in good agreement with the 
bg values reported earlier^^ 

g-yorpnbn — ^The optical absorption of as- 
700- nnn recorded in the spectral region 

flnr? tu rising CARY 2300 spectrophotometer 
and the spectrum is shown in Fig. 1. 


FILMS 



Electrical conductivity — The electrical conductivit'i' 
of the films was measured by the four-probe technique 
in the temperature range / 7-550 K- The conductivitv' 
type of the film was separately tested by appl>-ing a 
lateral temperature gradient across the film and noting 
the direction of the developed thermo-emf. All films 
were found to be ofp-type. The films used for these 
studies were evaporated through a specially designed 
contact mask, made photohthographically which gives 
films with four specific contact geometries. St^dy- 
state measurements w'ere made using indium pressure 
contacts which showed good ohmic nature. Fig. 2 
shows the Arrhenius plot of conductivity of CuInSe, 
films. 



3 Absorption Spectral Studies 

3.1 Analysis of the Absorption Spectnnn 

Usually, the absorption is very weak for 
semiconductor films below the fundamental absor- 
ption edge (FAE) and the absoiption coefficient (a) 
oscillates due to interference effects in the film and in 
the substrates. These interference effects can be 
neglected for films deposited on thick non-absorbing 
substrates near the FAE^'*. The relations for the 
spectral dependence of the transmittance (7) were 
given by Heavens*®. These expressions have been 
modified by Neumann et al.^ for this case, and are 
adopted in the present work. A binary search 
procedure was adopted to solve the transmission 
expressions for the absorption index and then calculate 
a. In order to do this, the refractive index of the 
chalcopyrite was assumed to be a constant® (n=3.1). 

An analysis of the absorption spectrum shows that 
the initial rise of a, for hv^ 1.20 eV corresponds to a 
direct allowed transition of the form 




1/2 


..( 1 ) 
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Fig. 3 — Plot of (oAv)^ vs hv showing E,, = 1.04 eV for (a) and £,i 
= 1.02 eV for (b) 



with = 1.04+0.01 eV. A plot, of (a/iv)^ vs hv is 
shown in Fig. 3. For energies greater than 1.20 eV, the 
observed optical absorption is always greater than the 
values tti, given by Eq. 1. This is due to the onset of 
additional absorption process. An analysis of the 
additional absorption coefficient a 2 =a— aj shows 
that a 2 can again be described by a direct allowed 
transition given by Eq (1) with £^,2 = 1.28 ±0.01 eV. 
Fig. 4 shows a plot of (a 2 h\)^ vs hv for /n’>1.20 eV. 

3.2 Effect of BA on Optical Absorption 

In the above analysis, a perfectly smooth film on a 
perfectly smooth substrate has been assumed. The 
effect of surface imperfections (due to surface 
roughness) and the volume imperfections (due to grain 
boundaries, inclusions, stoichiometry deviations, etc.) 


has been completely ignored. A model has been 
proposed by Pawlikowski^® for the analysis of a which 
takes into account the surface and volume 
imperfections. Within this model, for highly absorbing 
semiconductor films supported on thick non- 
absorbing substrates, the ‘real’ absorption coefficient 
of the film ( 1 X 2 ) due to valence band-conduction band 
transitions is given by 

"i" ^2^2 + ®3^3 + s “ 


In 




...( 2 ) 


where, the subscripts 1, 2, 3 and 4 refer to air, film, 
glass and air respectively and ^2 ^nd are the 
respective thicknesses of the film and substrate. The 
term a], is the absorption coefficient due to volume 
imperfections both physical (caused by the changes in 
the dielectric constant due to stoichiometry deviations, 
compositional changes due to adsorbing/doping, 
band-bending at the surface, differential thermal 
expansion at the interfaces, etc.) and geometrical 
imperfections (due to surface roughness, grain 
boundaries, etc.); a 3 is the absorption in the third 
medium, i.e. glass substrate. A" characterizes the 
optical losses on the surface imperfections due to 
multiple reflections. The terms in RFIS of Eq. 2 i?£(/, m 
are 12, 23, 34 etc.) refer to the reflectivity of the 
interfaces / and m and T is the experimental 
transmission ratio. The sum (a 2</2 + ®3‘^3+-^s0 
represents the background absorption. The detailed 
procedure for the estimation of BA is already 
described in Ref. 16. 

The BA of CuInSe 2 films was calculated*® using X 2 
=0.1, d as 10% of the film thickness, « 4 =«! = !, «3 
= 1.5, and the energy dependence on /Ijj ths refractive 
index of CuInSe 2 , was taken from Horig et A plot 
of the estimated BA is shown in Fig. 5, along with the 
individual contributions A" and a' 2 d 2 - The reflectivity 
Ri 2 was calculated using «2 = 3.1 and assumed 



Fig. 5 — Background absorption for CuInScj thin films 
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h-D ,eV 

Fig. 7 — Optical absorption of CuInScj thin films corrected for the 
background absorption 


constant throughout. The energy dependence of the 
RHS of Eq. (2) is shown in Fig. 6. The absorption 
coefficient a .2 of CuInSe 2 was corrected for BA and 
plotted in Fig. 7. Although the numerical values of a in 
Fig. 1 and Fig. 7 are not much different, the absorption 
edge sharpens quite a bit due to the elimination of most 
of the tail-states caused by surface adsorption of 
moisture and ambients. 

Analysis of this absorption coefficient shows that 
the initial portion of the absorption spectrum is once 
again described by direct allowed transition [Eq. (1)] 
with a band gap of 1.02 + 0.01 eV. 

4 Discussion 

41 Electrical Conductivity 

The Arrhenius plot of conductivity of CuInSe 2 films 
in the temperature range 500-77 K is shown in Fig. 2. 


From the plot, we can see two distinct regions of 
conductivity. In the low temperature range from 110- 
77 K, the conductivity has an activation energy of 3 
X 10 ^ eV, and in the range 500-300 K, the activation 
energy is about 80 meV. Sobotta et al. ^ ^ have discussed 
the influence of impurities and free carriers on the 
properties of CuInSe 2 and concluded that at least two 
donor states and one acceptor state are simultaneously 
present in the crystals. Various workers^®’^^’^° give 
three acceptor states £'ai= 20-40 meV, £"^2 = 85-100 
meV and £a 3=400 meV. All the films studied here 
were of p-type. Considering the vapour pressure data^ ^ 
of In 2 Se and Se 2 , it may be seen that the vapour pressure 
of Se 2 is higher than that of In 2 Se near the melting 
temperatures. Hence, selenium vacancies are the most 
probable defects for the bulk and Cu vacancies for thin 
films. If we consider CuInSe 2 in the covalent model, 
copper vacancies are acceptors. Hence, it is reasonable 
that all the films coated here are of p-type. 

The low activation energy on the low temperature 
side may be due to variable range hopping conduction. 
Indeed, plots of log(o-7’^^^) vs r“^^‘’^(Fig. 8a) are linear 
in this temperature range indicating the validity of this 
conduction mechanism. In the temperature region 
above 150 K, a plot log vs IQi^/T was made, so 
as to include the grain-boundary effects taking into 
account the polycrystalline nature of the films (Fig. 
8b). This plot shows two linear portions, viz. (i) 100-250 
K with activation energy of 100 meV and (ii) 250-150 K 
with activation energy of 25 meV. 

The shallow acceptor ionization energy was 
estimated from the hydrogenic model to be 1 14 meV 
using 

...(3) 
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Fig. 8b — Plot of log ((rT‘'^) versus lO^T showing grain boundary 
and impurity in CuInSe^ thin films 


with (ffip/Wo) =0.73 and Sj =9.3 (Ref. 22). This value is 
in good agreement with the activation energy obtained 
from Fig. 8b in the temperature range 500-250 K. The 
activation energy of 25 meV obtained in the range 250- 
150 K, is due to grain-boundaries. 

4.2 Optical Properties 

The energy band-gaps A and C found in our study, 
using the method reported in Sec 3.1, are 1.04 eV and 
1.28 eV respectively. From these values, the spin-orbit 
splitting Aso is calculated to be 0.24 eV, which is in very 
good agreement with those reported by electro- 
reflectance and optical absorption studies. Subtracting 
the effect of BA makes the absorption edge rather 
sharp, but does not make much difference in the value 
of the fundamental band-gap. 

Horig e( al.^ have performed an analysis similar to 
that discussed in Sec. 3.1 in the present work. They 
have studied flash-evaporated CuInSe 2 thin films. 
From their analysis, they obtained the energy-gaps A 
and B to be 1.02 and 1.03 eV respectively but no report 
of the energy-gap C has been made so far from the 
optical studies for flash-evaporated thin films. 


In the method proposed by Pawlikowski^®, the 
effects of BA, the tail-states, etc., have been removed 
and so the value of the band-gap is more reliable. Since 
this method is applicable only in the vicinity of FAE, in 
the case of the chalcopyrites, this method cannot be 
used as it is to get the energies B and C, whereas, the 
method proposed by Neumann et al.^ yields these 
values readily. 
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The storage time (Q of solar cells is measured as a function of /f//r (/f and Jr being the forward and reverse currents 
respectively), keeping Ip constant. It is observed that values of t, obtained at any fixed value of /f//r ratio are different and 
depend upon the value of /p and the geometry, i.e. W7L ratio of the diode ( If' being the thickness of the diode and L the minority 
carrier diffiision length). Also the slope of the linear plots of versus ln(H- Ip//g) depends upon the value of Ip and not upon the 
/f//r ratio. The analysis of the data obtained reveals that the value of minority carrier lifetime calculated using H J Kuno’s 
formula [IEEE Trans Electron Devices ( USA), 1 1 (1 964) 8] is nothing more than a time constant. The minority carrier lifetime 
in the base of a diode is a function of the injection level and can be obtained only on the application of a correction for the diode 
geometry to the time constant obtained from Kuno’s formula. 


1 Introduction 

Minority carrier lifetime measurement and its 
control in semiconductor device fabrication has been 
of great interest from the beginning of semiconductor 
technology. Gossick^ and Lederhandler and Giacol- 
eUo^ gave the first method commonly known as open 
circuit voltage decay (OCVD) to measure the minority 
carrier lifetime in the p-n junction devices. Kingston^ 
and Lax and Neustadten*^ studied the switching 
behaviour of p-n junction diodes and derived the 
switching time equations. Based on the switching 
behaviour of the p-n junction diodes, Kingston^, 
Kuno^ and Dean and Nuese® gave a relation 
connecting the minority carrier lifetime and the 
storage time of the injected carriers. This storage time 
IS measured following the reverse current transient 
method commonly known as the reverse recovery (RR) 
method. 

2 Experimental Details 

The storage times of a number of silicon solar 
cells and indium-alloyed Ge diodes of different 
thicknesses were measured as a function of the ratio of 
forward-to-reverse current (/f//r), keeping /p constant 
where /p and Ip^ are the forward and reverse currents 
respectively. The observations were made on typical Si 
solar cells for five values of Ip. It was observed that the 
values of obtained at a fixed value of /f//r ratio were 
different for different /p values. 

Sample Fabrication — The solar cell studied was n *p 
silicon solar cell fabricated in our Laboratory. The 
diode was fabricated using 270 pm thick p-type silicon 
wafer of 10 ohm-cm resistivity obtained from M/s 

acker Chemitronic Co, Germany. The POCI 3 
technique was used to diffuse phosphorus to a depth of 


~0.6/im. The surface concentration of the diffused 
•layerwas ~2x 10^7cm^-Thediodeareawas4x 10~^ 


3 Results and Discussion 

Storage time of the diode was measured as a 
function of 4 keeping 4 constant at five different 
values of 4 which corresponded to the injected carrier 
concentrations of 2x10^^ 4x10^“^, 1.6x10^^, 2-4 
X 10‘* and 4 x 10^® atoms per cra^ respectively. Plots 
of storage time versus In ( 1 + 4 / 4 ) are found to be 
linear for all the five sets of values of 4 as shown in 
Fig. 1. As suggested by Kuno^, the slope of these plots 
should give the minority carrier lifetime of the base of 



i„(i + 

Pig 1 Storage time(0 as a function of ln(l +/f//r) for silicon solar 

cells [Curves U.3.4 and 5 correspond to 4 values of 2,4, 16,24 and 
40 mA respectively.] 
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the diode and accordingly the value of should be the 
same for same /p//r ratio at all the values of Ip. It is 
observed from Fig. 1 that the storage time values 
measured for different Ip values are different at the 
same value of Ip/Ir ratio. It can also be seen from Fig. 1 
that the slope of these curves which is a measure of 
minority carrier lifetime^ (t), first increases with 
increasing values of Ip and then starts decreasing at 
larger values of Ip. Fig. 2 shows the variation of with 
In (1 + / f // r ) keeping Ir constant. 

We have earlier reported’’® that the minority carrier 
lifetime increases monotonically with the injection 
level. Therefore, the apparent variation in slope of the 
plots in Fig. 1 can be explained in the following 
manner. Kuno’s formula to calculate minority carrier 
lifetime t from the slope of versus In (1 + Ip/Ir) plot is 
only valid under the low injection condition and in the 
case of infinitely thick-base diodes, i.e. for W/Lp^l, 
where IF is the thickness of the base and L the minority 
carrier diffusion length in the base. In this case at low 
injection, we obtain the value of t to be 8 ps from the 
slope of the curve 1 in Fig. 1. The value of diffusion 
coefficient (/)), at low injection is 32 cm’/s (Ref. 9). 
Calculation of minority carrier diffusion length L 
= yfoi at low injection gives X ~ 160 yam which shows 



Fig. 2— Storage time (0 as a function of ln(I +/f//| 0, keeping 4 
= 3.5 raA, for silicon solar cells 


that for such a diode the W/L ratio is not very much 
larger than unity. As reported earlier’’®, the minority 
carrier lifetime increases with injection, and therefore, 
the minority carrier diffusion length L, given by L 
= ypDz also increases with injection level. The increase 
in L with increase in injection level decreases the W/L 
ratio. Thus the back contact recombinations which 
were not very significant at low level of injection 
become increasingly significant in removing the stored 
carrier at high level of injection due to increase in L at 
higher Ip values. This increase in back recombination 
causes a reduction in the measured values of 4 and thus 
indicates an apparent decrease in the slope of the plots. 
We, therefore, conclude that the value of depends 
upon the absolute value of Ip as shown in Fig. 2 and 
not upon Ip/Ir ratio as suggested by Kuno. Also the 
slope of the plots will not give the minority carrier 
lifetime in the base for a practical diode but gives some 
time-constant which, when corrected for the diode 
geometry, i.e. W/L ratio and injection level Ip, will give 
the minority carrier lifetime in the base. 

The results have been further verified on a set of 
germanium diodes with thick and very thin base and 
results are found to be in agreement with the above 
observations’. 
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Table 1 — Values Obtained for the Characteristic Function 
S(EJ as a Function of 



g[E:) 

E, 

8[e:> 



-20 

0.222 

-6 

4.818 

8 

3.170 

-18 

0.447 

-4 

8.217 

10 

2.426 

-16 

0.731 

-2 

9.322 

12 

1.655 

-14 

1.019 

0 

9.888 

14 

1.030 

-12 

1.427 

2 

10.17 

16 

0.477 

-10 

1.908 

4 

10.21 

18 

0.000 

-8 

2.694 

6 

5.826 

20 

0.000 


where i?(£e) is the resolution function for the system 
and it contains the complete instrument response. 

3 Results and Discussion 

ND500 computer was used to calculate the 
characteristic signal g(£J, instrument response 
function T j and the resolution function Ji(EJ for the 
system developed at the Bhabha Atomic Research 
Centre. Table 1 gives the values obtained for the 
characteristic signal for various values of The 
general feature of this function is a slow rise on the low 
energy side as compared to a fall on the higher energy 
side. This is responsible for a longer excursion® seen in 
the peak-to-peak amplitude on the higher energy side 
in the resolution function. Fig. 1 shows a resolution 
function calculated for a modulation voltage of 1 V. A 
shift’ in the peak position due to modulation is also 
observed in Fig. 1. An additional feature of the 
resolution function is that the positive peak height is 
about 65% of the negative peak height which is 
consistent with the published spectra. It is, therefore, 
argued that a detailed analysis of the Auger profiles 
needs the inclusion of such features of the resolution 
function. 
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Three techniques for determination of surface temperature of catalytic microbeads have been developed using (i) in- 
frared, (ii) resistance thermometric and (iii) thermocouple sensors. Method of fabrication alumina-supported microbeads 
for detection of exact surface temperature is indicated. The plots of measured temperature versus the methane content 
(which releases heat energy by oxidation in the beads) are linear and agree closely for the three techmques. 


1 Introduction 

In the fabrication of semiconductor/catalytic sen- 
sors for the measurement of concentration of higly in- 
flammable or toxic gases, it is essential to use tech- 
niques to measure the surface temperature of the ca- 
talytic microbead sensors. Correct measurement of 
surface temperature of beads is an essential requisite 
in the investigation of such factors as suitable crystal 
stmcture formation on the support as well as on the 
catalyst, effect of input voltages on surface tempera- 
ture of sensors, temperature of reduction of catalyst, 
temperature of formation of a-phase alumina, oxida- 
tion temperature of gases, and in kinetic studies. 

Many workers^ “ ® have investigated the above fac- 
tors by employing either resistance theormometric or 
thermocouple techniques. But the temperatures so 
determined have not been compared with values de- 
termined by any supplementary method. In resist- 
ance thermometric technique, the change in resist- 
ance with temperature is correlated with concentra- 
tion of methane.In the formula used for calculating 
change in resistance of bead, only the temperature co- 
efficient of the resistance wire is included, but the 
temperature coefficient of the materials used for bead 
preparation is not included. So far as the thermocou- 
ple method is concerned, the earlier workers deposit- 
ed the support and catalyst on the junction of ther- 
mocouple. This process may not give an exact estim- 
ate of surface temperature of microbeads. 

Hence in the present study, the authors have given 
due consideration to the above factors and developed 
three different techniques based on (i) thermocouple 
(ii) resistance thermometric and (iii) IR methods for 
determining the surface temperature of the beads. 

^ Thermocouple Technique 
A platinum coil was prepared in the manner de- 
scribed earlier’’®. Alumina support was deposited us- 
a saturated solution of aluminium nitrate to ensure 


complete covering of the platinum coil.The junction 
of a 10 % Rh-Pt/Pt thermocouple having wire di- 
ameter 40 swg, was carefully placed onto the surface 
of the support and further deposition of alumina sup- 
port was made using subsequent drops of A 1 (N 03)3 
solution. In this way, one junction of the thermocou- 
ple is rigidly fixed onto the surface of the support on 
which further deposition of catalyst was made. The 
sketch of the system is shown in Fig. 1 . Finally a catal- 
ytic bead so fabricated was placed in a combustion 
chamber. The leads from the thermocouple were 
connected to a bridge circuit. Temperature measure- 
ments were made using a potentiometer and a deflec- 
tion galvanometer, keeping the reference junction of 
the thermocouple in ice. 

3 Resistance Thermometric Technique 

The well known equation connecting tempera- 
ture, resistance and temperature coefficient is given 
by: 

where Rj is the resistance at temperature T,RQthe re- 
sistance at O^C and a the temperature coefficient of 

THERMOCOUPLE 
TO POTENTIOMETER 
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the material. If due to change of temperature A the 
resistance T changes to A 7^ then Eq. (1) is 
modified to: 

{R,T+ARiT) = Ro{l + atr) ...( 2 ) 


Substituting the value of 7?2 Eq. (6) we have 


RiT= 



[ Rs + K \ 

\R4 + R 3 + R^j 


...( 8 ) 


where is the increase in temperature firom R^ T. 

In earlier studies, the value of a used was that of the 
platinum metal. Since the value of a of the sensor used 
in the catalytic bead differs from a of platinum, we 
used the modified value of a for determination of 
temperature. The bridge circuit arrangement shown 
in Fig. 2 was used for determining T. 

From Fig. 2 it is seen that 


1 = 1 , + I 2 

l2 = I-h 

and 

I = l[ + h 

or 


...(3) 


...(4) 


where /and /' represent respectively current at bal- 
ance and at unbalanced stages in different paths of the 
bridge when the bridge is balanced, we have 


R,T_ R3 + R^ 
R 2 T i?4 


R,T= ...(6) 

R 4 

Again RiT+ R 2 T= V/Ij 

or R 2 T=V/h-R,T ..,(7) 



Pig. 2— Bridge circuit for measurement of change in resistance of 
microbcad 


Values of /? 3 ,/?n„/? 4 , Fand /2 are known and hence of 
R,T 

Again we have from the bridge circuit 
r 2 iR,T+ AR,T)- mv= r,{R^ + R 3 ) 
Substituting the value of I 2 from Eq.(4) 

h{R,„ + R 3 ) + mv-(J-l\)AR,T 
R%T— : : 

i-h 

...(9) 

Thus value of R, T can be determined from Eq. (8) as 
well as Eq. (9) and temperature evaluated using 
Eq.(2). 

4 Infrared Technique 

Infrared radiations from the hot surface of a catal- 
ytic bead, will give an idea of the temperature of the 
catalytic surface. Hence the spatial temperature dis- 
tribution over a catalytic surface may be determied 
without making contact with the surface by using an 
infrared sensor. 

The set-up essentially consists of an IR sensor, a 
combustion chamber (Fig. 3) and circuit for IR sen- 
sor. The construction details of the combustion 
chamber have already been reported by the author^. 
The IR sensor (diameter 16 mm) is placed at 1 cm 
from the catalytic bead completely sealing the win- 
dow facing the bead heads. The leads measuring cir- 
cuit are as indicated in Fig. 3. The change in current in 
the sensor circuit is calibrated in terms of temperature 
actually measured with the help of a 10% I^-Pt/Pt 
thermocouple. 

A close agreement has been found (Fig. 4) between 
the values of temperature measured following the 
three different methods. The results also indicate that 
the temperature coefficient of a platinum coil changes 
as a result of deposition of the support and the catalyt- 
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Fig- 3 — Set-up for IR technique for measurement of surface tcm- 
peratureof microbeads 



JAISWAL & SRIVASTAVA: SURFACE TEMPERATURE OF MICROBEAD 



TEMPERATURE,°C 


Fig. 4— Comparison of plots of surface temperature of micro- 
breads versus CH 4 concentration for the three techniques 

ic/semiconducting material. The techniques dis- 
cussed will be helpful in the development of semicon- 
ductor/catalytic transducers, consequently in the de- 
velopment of instruments for the measurement of 
concentration of gases. These techniques wiU also be 


helpful in the investigation of characteristics of a he- 
terogeneous gas reaction, using microbeads. 
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The absorption spectra of the complex in different solvents has 
been studied in the visible region, and the values of Slater-Condon 
(Fi), Racah (£‘) and Lande y) parameters and Judd-Ofelt intensity 
parameter (FJ have been computed. The reasonable agreement 
between the calculated and experimental values of oscillator 
strengths shows that the theories proposed by B R Judd {_Phys Rev 
(USA), 127 (1962) 750)] and G S Ofelt [J Chem Phys(USA), 37 (1962) 
511] are applicable for this system. 

Lanthanide ions in different environments are well 
known laser materials^. In the last two decades results 
of studies on energy states and their intensities have 
been reported^"® for a number of lanthanide 
complexes from this laboratory. These complexes have 
many potential applications as structural probes® in 
biological and model systems. Fluorescence enhance- 
ment, circular dichroism, relaxation enhancement and 
chemical shift studies are some of the techniques which 
have been used for probing the structures of many 
important biological molecules®. The information 
obtained using these techniques can be further 
confirmed and more information can be obtained 
about the structures of biological molecules by 
studying their absorption spectra in solution state*®. 

The present note reports the absorption spectra of 
the complex under study in the visible region in 
different solvents. From these, the values of Slater- 


Condon (FJ, Racah {E‘‘) and Lande (^ 4 y) parameters 
and Judd-Ofelt intensity parameter (7\) have been 
computed. 

Experimental details — The complexes have been 
synthesized by the standard method described by 
Crossby et al}^ Chemicals of AR grade and triply 
distilled water were used. The absorption spectra in the 
region 360-1000 nm were recorded on Carl -Zeiss Jena 
VSU-2 spectrophotometer. For the computation of 
parameters, references may be made to our earlier 
work^“®. The least count of the spectrometer is 1 nm. 

Results and discussion — The observed and computed 
values of energy levels for the complex in different 
solvents are given in Table!. The rms deviations 
between the theoretical and experimental values 
support the validity of the theory used. The red shift of 
the energy levels of Nd^'*^ radical from those of Nd^'*' 
ion in different solvents indicates complexation. 

The hypersensitive transition ^Gsiz^-'^hiz shows a 
decreasing red shift as the solvents are changed in the 
order: DMSO, DMF and water. This may be 
attributed to some crossings of O 2 atomic orbitals of 
solvents with those of the metal at different distances in 
solution. The oscillator strengths for this hyper- 
sensitive transition increase as the solvents are changed 
in the ordenwater, DMF and DMSO, indicating that 
the coordinating affinity of Nd^"^ is largest for DMSO 
and smallest for water in conformity with earlier 
results®. 

The values of spectroscopic parameters F,f (k 
= 2,4,6), £* and <^4 j-, as well as of the nephelauxetic ratio 


Table 1— Energy Values (in cm ‘) of Bands of Nd*-* Ternary Complex in Different Solvents 


Water DMF DMSO 





^C«lc. 

^r.pii 


^C.Ic 



£cilc 

*^9/2 

0 


0 

0 


0 

0 


0 

^^1/2 

23310 


23287 

23310 


23289 

23256 


23233 

*^ll/2 

21739 


21487 

21552 


21394 

21505 


21349 


21322 


21273 

21322 


21282 

21277 


21247 

"t'9/2 

19569 


19593 

19569 


19539 

1953! 


I95I1 

*^7/2 

19194 


19298 

19157 


19263 

19157 


19243 

*Uil2 

17361 


17301 

17241 


17217 

17241 


17212 

9/2 

14599 


14726 

14577 


14689 

14535 


14651 

*^7/2 

13298 


13275 

13280 


13214 

13263 


13190 

*^>n 

12422 


12460 

12346 


12399 

12346 


12382 

‘^2/2 

1 1468 


11478 

II426 


11425 

1 1 390 


II4I8 

rms deviation 


99 



76 



74 
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Table 2 — Computed Values of Interaction Parameters Table 3 — Oscillator Strength (P) of Ternary 

(m cm *) of Nd 3 + Complex in Different Solvents Complex in Different Solvents 


Parameter 

Free ion 

Water 

DMF 

DMSO 

Fi 

331.16 

329.85 

328.58 

328.04 

F, 

50.71 

53.33 

53.96 

54.10 

F, 

5.15 

5.32 

5.37 

5.29 


884.00 

843.42 

839.65 

825.84 


— 

0.99 

0.99 

0.99 


— 

0.05 

0.06 

0.07 

£' 

5024.00 

5118.37 

5135.68 

5116.04 

, 

23.90 

23.01 

22.70 

22.53 

£^ 

497.00 

494.96 

492.60 

494.54 


(fi) and bonding parameter are reported in Table 
2. Values of ^ and were calculated from Fj, and ^4 y 

values. The degree of covalency indicated by b^^^ 
decreased in the order of solvents : DMSO > DMF > 
water. 

From the oscillator strengths of the observed bands 
^Expti (Table 3 ), Judd-Ofelt intensity parameters (A 
= 2 , 4 , 6 ) were computed following the method of 
Carnall et al}^ The relatively large difference between 
the calculated and observed values of the bands at 
"^<^9/2, ^69/2, 9/2 and ^F3/2 may be attributed to the 

mixing of the adjoining bands (Table 3 ). Values of 
are given in Table 4 . The rms deviation between the 
observed and calculated values of P for the bands 
under study ranges over 7.9 x 10“’-8.8 x 10 ’ for 
different solvents used. This indicates the applicability 
of the theories proposed by Judd'^ and Ofelt^**^ to the 
present case. It is interesting to note that the T2 
parameter shows an appreciable change in different 
solvents in the order;DMSO> DMF > water. 

The authors are grateful to Prof. A N Nigam, for 
providing the necessary facilities and Dr SSL Surana 
for valuable discussions. One of them (MPB) ^ban s 
the University Grants Commission, New Delhi, for 
financial assistance. 
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Dependence of internal pressure on molecular weights of three 
kinds of polymeric materials has been examined. It has been found 
that though there is a correlation between molecular weight and 
internal pressure, it is contextual and, as it should be, is dependent on 
the strength of intermolecular forces and, in turn, on the structure of 
the polymeric material. 

Weissler et al} and Lagemann et al? reported data on 
ultrasonic velocities, densities and viscosities of some 
poly di-ols at 30°C and chlorotrifluoroethylene at 60°C 
respectively. With these data, internal pressure values 
have been computed and their variations are 
correlated with molecular weights. Computation of 
internal pressure (tij) is made using the equation given 
by Suryanarayana^: 

where b is the packing factor assumed as 1.78 for fee or 
hep structures in liquid systems, R the gas constant in 
ergs, T the temperature in K, rj the viscosity in poises, u 
the ultrasonic velocity in cm/s, p the density in g/cm^, 
K a constant (4.28 x 10^) independent of temperature 
and Mjff the (effective) molecular weight. 

Data — A polymer of a particular group is 
characterized by the molecular weight of the monomer 
unit and for the present study the following three 
groups of polymers are considered: 

1. Polyethylene glycol 

2. Chlorotrifluoroethylene, and 

3. A set of substituted cyclohexanes and a 
substituted heptane. 

In Table 1, molecular weight, internal pressure and the 
relevant parameters of polymers of group 1, starting 
from ethylene glycol to polyethylene glycol are given 
under sections A and B. Similar data for 
chlorotrifluoroethylenes of varying molecular weights 
arc given in the same table under section C while data 
for substituted cyclohexancs are given with their 
molecular weights under sections D and E. 

Discussion — It is seen from Table 1(A), that as the 
molecular weight increases from that of ethylene glycol 


to pentaethylene glycol, a gradual fall in the internal 
pressure is observed. A similar trend is seen in section B 
for polyethylene glycol. In contrast, it is seen from 
Table 1(C) that with a progressive increase in 
molecular weight, there is an increase of internal 
pressure for chlorotrifluoroethylenes. An explanation 
for such opposite trends will have to be based on the 
constitutional differences in the two polymers of the 
sets (B) and (Q. In (C), because of highly 
electronegative fluorine atoms, there will be 
localization of ^ centres on the carbon atoms and 3 ~ 
centres on the electronegative atoms. This results in the 
positive centres of one monomer group interacting 
strongly with the negative centres of another monomer 
group producing a strong cohesion and a resultant 
high internal pressure. This explanation is supported 
by the evidence reported by Doler"*^ on polystyrene 
sulphonates. According to Doler, the polymeric chain 
of this group consists of long fully extended segments 
and there exists between the segments belonging to the 
same or to a neighbouring polyion, a considerable 
volume where the electric field intensity is close to zero. 
Naturally, between the locations of highly positive 
and highly negative S~ centres of chlorotrifluoro- 
ethylenes there should be a volume of zero electric field 
intensity. In ethylene glycols, there are no strong 
positive and negative centres, and therefore, a mere 
increase in the molecular weight results in a progressive 
decrease of internal pressure, particularly because of 
the absence of strong interactions. Irrespective of 
whether the increase in the molecular weight is due to 
the glycol units in the bound state or as separate units, 
there is a decrease in internal pressure with increase in 
molecular weight. Comparison of changes in values of 

with increase in molecular weight shows that the rate 
of increase in ij with increase in the molecular weight is 
smaller in the case of polyethylene glycols as compared 
to chlorotrifluoroethylenes. 

Data for four kinds of polymer units given under 
section E of Table 1 show that the internal pressure has 
no relation with the molecular weight in these cases. 
However, under section E of Table 1 data given on 
fluoroluble oil polymers show systematically a 
progressive increase in internal pressure with the 
corresponding increase in molecular weight. Expla- 
nation for this trend is the same as for 
chlorotrifluoroethylenes. 

From the above discussion, it is clear that the degree 
of cohesion quantified by internal pressure in a 
polymer is sensitive to the structure of the polymer. 
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Table 1 — Values of Molecular Weight, Internal Pressure and Relevant Parameters for Polymers Studied 



Molecular 

u 

P 

t;xl0^ 

n, 


weight 

m/s 

g/cm^ 

P 

atm 


M 






Section A: Ethylene glycols (/ = 30°C) 



Ethylene glycol 

62.1 

1643 

1.107 

13.95 

23419 

CHjOH.CH^OH 






Diethylene glycol 

106.1 

1568 

1.109 

22.55 

16335 

(H0C2H4)20 






Triethylene glycol 

150.1 

1593 

1.116 

29.96 

12515 

(H0C2H4)0C2H4CXC2H40H) 






Tetraethylene glycol 

194.2 

1580 

1.116 

35.16 

10080 

(H0C2H4)0C2H40C2H40(C2H40H) 





Pentaethylene glycol 

238.2 

1580 

1.117 

42.37 

8725 

(H0C2H4)0C2H40C2H4(C2H40H) 







Section B: Polyethylene glycols 




Polyethylene glycol 

200 

1592 

1.117 

39.71 

10318 

/H H \ 

300 

1578 

1.118 

59.02 

7877 

Xc^-c!-oX 

400 

1576 

1.118 

74.70 

6339 

Th ^ x 

600 

1570 

1.118 

104.62 

4684 


Section C; Chlorotrifluoroethylenes (t = 60°Q 




525 

731 

1.815 

3.5937 

2257 


563 

747 

1.831 

5.1817 

2485 


577 

753 

1.838 

5.7713 

2545 


664 

785 

1.869 

15.0450 

3455 


686 

794 

1.877 

21.4541 

3861 


713 

804 

1.885 

30.9894 

4535 


727 

803 

1.887 

35.2114 

4731 


789 

811 

1.901 

68.7592 

5998 


846 

823 

1.909 

107.8394 

6906 


886 

831 

1.914 

154.3067 

7804 


894 

830 

1.920 

214.7904 

9135 


911 

836 

1.919 

225.4825 

9120 


948 

839 

1.926 

325.5325 

10467 


Section D; Four selected polymers (substituted cyclohexanes) (f =60°Q 


(Trifluoromethyh-unde- 

cafluorocyclohexane 

350 

477.8 

1.78751 

1.5900 

2949 

Hexadecafluoroheptane 

388 

444 

1.62027 

0.3290 

1156 

Bis(trinuoromethyl)- 

decafluorocyclohexane 

400 

513.1 

1.74636 

0.5600 

1423 

Bis(trinuoromethyl)chloronano- 

fluorocyclohexane 

416 

582.3 

1.79126 

1.3757 

2035 


Section E; Fluoroluble oil (polymers) 




860 

659.4 

1.95467 

30.6883 

3994 


1016 

710.4 

1.96990 

137.9130 

6932 


1099 

709.4 

1.97817 

212.6532 

7882 


Thus, internal pressure is also sensitive to attractive 
and repulsive forces in a given system. 
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Proton magnetic resonance studies have been carried out on the 
title complexes to verify the hydrogen atom positions and also to 
detect the molecular motions. The low values of the second mo- 
ments even at 77 K indicate the CHj reorientations about C 3 
axis.The second momentfalls at high temperatures for both Cu{3- 
AMIjjBrj and Co( 3 -AMI) 2 Cl 2 are associated with the activation 
energies of 47.0 and 25.0 kJ/mol respectively. 

Aminoisoxazole ligands are known for their coordi- 
nating ability with a number of metal ions^ An in- 
teresting feature of these ligands is that the functional 
groups, viz. NH2 and CH3, can undergo reorient- 
ations at favourable temperatures. These reorient- 
ations can only be detected by PMR spectroscopy and 
hence these studies will be useful to get information 
about the structure and rigidity of the molecule. In or- 
der to study the above aspects the authors have taken 
up PMR studies on Cu(3-AMI)2Br2 and Co(3- 
AMI)2Cl2 (3-AMI = 3-amino, 5-methyi isoxazole). 

Experimental procedure— The, two complexes un- 
der investigation were prepared using literature 
methods®. PMR studies on these complexes were car- 
ried out on home-made wide-line nmr spectrometer 
whose details were given elsewhere*®. The first deriv- 
ative PMR signals were recorded in the temperature 
range 77-350 K and their second moments (52) were 
estimated using the standard procedure**. The exper- 
imental error in S 2 is about ± 1 G-. 

Results and discussion — ^The variation of S 2 values 
with the temperature for both Cu(3-AMI)2Br2 and 
Co( 3-AMI jjCl, is shown in Fig. 1 . The ^2 values in the 
case of Cu(3-AMI)2Br2 were found to decrease slow- 
ly from 1 1 .3 ± 1 to 10.0 ± 1 G^ in the temperature 
range 77-340 K and a rapid fall in S 2 from the latter 
value to 5.6 ± 1 G* is noticed between 340 K and 350 

■present address; FT— NMR Centre, Tata Institute of Funda- 
mental Resejirch, Homi Bhabha Road, Bombay 400 005 


K. Beyond 350 K the compoud was found to change 
its colour. In the case of Co(3-AMI)2Cl2, iS'2 is found to 
be constant at 12 + 1 G^ in the temperature range 77- 
300 K and a rapid fall in Sj from the above value to 
3 ± 1 G^ is noticed in the temperature range 300-345 
K. Above 345 K, similar to the copper complex, even 
this compound is found to change its 
colour. 

In order to find the temperature below which the 
lattices of the t^;\'o complexes were rigid, the theoreti- 
cal value of S 2 i.e.52 (Refs 12-15), calculated from 
the known hydrogen atom positions should be com- 
pared with the experimental S 2 values at different 
temperatures. Since the crystal structure of these two 
complexes is not solved so far, to get an approximate 
idea about the theoretical S 2 , the intramolecular con- 
tribution to the rigid lattice S 2 is calculated from the 
known hydrogen atom positions of Ni(3- 
AMI)4(NCS )2 (Ref. 9 ). The S 2 value obtained from the 
above calculations (91 G^) is found to be very large 
compared to the experimental S 2 values of either of 
the compounds under investigation. To understand 
about this large discrepancy in theoretical and experi- 
mental ^2 values, an insight into the interatomic dis- 
tances calculated from the known crystal structure of 
Ni(3-AMI)4(NCS )2 revealed that the H - H distances 
in CH3 group are 1.27, 1.48 and 1.64 A and in NH2 
group it is 1 .54 A, these values are small compared to 
the values (1.79andl.68A) given in the Tables of in- 
teratomic distances'^. Evidently the small value of 
H — H distances is responsible for larger rigid lattice 
second moment (5,, ng) from the theoretical calcul- 
ations. It is also found that the contribution to the 
S 2 rig from the other pairs of hydrogen atoms is small 
due to larger H — H distances of the order of 3 A and 
above. Therefore, the ng is calculated once again 
taking the H — distances of the CH3 and NH2 
groups as 1.79 and 1.68 A, respectively, without 
changing the other H — H distances due to the fact 



Fig. 1 — Variation of the second moment with the temperature for; 
{a)Cu(3-AMI),Br,and(b)Co{3-AMI),aj 
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mentioned above. From these calculations 5" 2 ng is 
coming out to be 17.4 G^. When this is added to the 
theoretical intermolecular contribution ( 52 ), if the 
crystal structure is available, the value of S 2 ng 
{S 2 + S 2 ) will be still larger. Hence it is evident, from 
the above discrepancy, that the systems are not rigid 
even at 77 K. So the second moment observed at 77 K 
should correspond to some kind of intramolecular or 
molecular motions. The most probable motion to 
produce such low value of iS ’2 is the reorientation of the 
methyl group about C 3 axis. Similar kind of reorienta- 
tion at 77 K is observed in the case of xylenes*’. In 
most of the cases amine group reorientation*^"’*’ is 
not observed at 77 K. Thus it appears that the CH 3 re- 
orientation maybe the reason for getting low S 2 values 
at 77 K in both the samples. 

The S 2 transition observed for Cu( 3 -AMI) 2 Br 2 in 
the temperature range 340-350 K may be either due 
to the reorientation of NH 2 group or molecular reo- 
rientation about one or more than one axes or due to 
general molecular reorientation. The second mo- 
ment for the general molecular reorientation is entire- 
ly intermolecular in nature, the intramolecular con- 
tribution being averaged to zero. The contribution 
from this can be calculated using the modified second 
moment formula” of Van Vleck*^ and is given as 

S,,,, = 358.1NoCja-^ 

where Nq is the number of protons per molecule, Q is 
lattice factor and a is lattice constant. In many 
cases’** is found to have a value in the range 

0.91-1 .4 G’. Therefore, in the present case the gener- 
al molecular reorientation is ruled out. But here the 
fall is 6.2 G’ (11.8-5.6 G’), which can be ascribed to 
the reorientation of NH 2 group along C — N axis for 
the reason that the fall expected for NH 2 reorienta- 
tion is 5.2 G’ (taking H — H distances from Tables of 
interatomic distances). 

In case of Co( 3 -AMI) 2 Cl 2 , the 52 value is seen to fall 
from 12.0 ± 1 to 3.0 ± 1 G’ in the temperature range 
300-345 K. Since this fall is more than that theoreti- 
cally expected for NH 2 reorientation (5.2 G’) the fall 
cannot be due to NH 2 reorientation; also, it cannot be 
due to the general molecular reorientation for the rea- 
son mentioned above. Therefore the fall may arise 
due to the molecular reorientation about one or more 
than one symmetry axes. As pointed out earlier, lack 
of crystal structure data prevents unambiguous inter- 
pretation about molecular motion. 

The correlation frequencies associated with the S 2 
transitions of the Cu( 3 -AMI) 2 Br 2 and Co(3- 
AlVII) 2 Cl 2 are calculated from the nlodified equation 
of Bloembergen et alp~^^. These reorientation fre- 
quencies are assumed to fit in Arrhenius equation 
v^ = T^exp ( — EJRT). Therefore, a plot of In Vq vs 



Fig. 2— Plot of In vs lOOO/r for; (a) Cu(3-AMI)2Br2 and (b) 
Co(3-AMI)2Cl2 


1000/ T yields a straight line as shown in Fig. 2, fi-om 
which activation energies are calculated. In the pres- 
ent case, these values come out to be 47.0 kJ/mol for 
Cu(3-AMI)2Br2 and 25.0 kJ/mol for Co(3-AMI)2Cl2. 
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Some physical properties of the spinel CoAlFeO^, prepared using 
a slowly cooled ceramic method, have been investigated by means of 
Mossbauer spectroscopy. Mossbauer spectrum taken at liquid 
nitrogen temperature demonstrated the existence of two hyperfine 
fields, one due to the Fe^*^ tetrahedral ions and the other due to the 
Fe^"^ octahedral ions. The isomer shifts, quadrupole interactions, 
and nuclear magnetic fields of ■’’Fe nuclei in both tetrahedral and 
octahedral sites, have been determined. Influence of the heat 
treatment on the Mossbauer parameters, has been discussed. 

The spinel CoAlFeOj. showed remarkable variation of 
its magnetic properties depending on the heat 
treatment during the preparation of the sample. The 
cation distribution, oxygen parameter, transition 
temperature, and magnetic structure of this spinel were 
determined using X-ray, magnetic susceptibility, and 
neutron diffraction techniques^ 

Mossbauer measurements carried out on a 
polycrystalline CoAlFe04, prepared using a quench- 
ing ceramic method, showed that; The isomer shifts of 
^’Fe nuclei in both octahedral and tetrahedral sites 
were equal to each other, and the quadrupole splittings 
of these nuclei in the sites mentioned were also the 
same at 549 K (Ref. 4). The average of the hyperfine 
magnetic field of ”Fe nuclei was 507 kOe at 80 K 
(Ref. 4). 

The present Mossbauer studies on a powder sample 
of CoAlFe04, prepared using a slowly cooled ceramic 
method, were undertaken in the temperature range 78- 
450 K in order to determine the magnetic transition 
temperature, isomer shifts, quadrupole splittings, and 
the internal magnetic fields of ^^Fe ions, as well 
investigate the influence of heat treatment on t e 
interaction parameters of ^^Fe nuclei. 

Experimental details — Polycrystalline CoA e 4, 
was prepared using a slowly cooled ceramic met o . 
The method of preparation is given in reference 3. 1 he 
X-ray powder pattern exhibited a pure cubic spiM 
phase. The lattice constant, a, was determined to be 
(8.2432 + 0.00 IQ A. Mossbauer spectra were obtaine 


using a linear Mossbauer spectrometer SM-4 at 
Swierk, Poland. The measurements were performed at 
different temperatures between the liquid nitrogen 
temperature and 450 K. The error in the temperature 
measurements was less than +0.5 K. The thickness of 
the powdered CoAlFe04 absorber was 0.2 mg/cm^ of 
^^Fe nuclei. As a source of y-radiation the ^^Co 
diffused in Cr matrix was applied. The Mossbauer 
spectra were stored in a conventional multichannel 
analyzer. The spectrometer was operating in a 
constant acceleration mode technique. We used a 
standard iron metal (ARMCO) at room temperature 
for calibration. 

Results and discussion — The thermal dependence of 
the shape of the ^’'Fe Mossbauer spectra was used to 
determine the magnetic-paramagnetic transition 
temperature of our sample. This was done using the 
temperature interval in which the transition takes 
place. Mossbauer absorption spectra taken at 
temperatures between 400 and 345 K were used for this 
purpose. Fig. 1 shows a relation between the sample 
temperature (T) and the halfwidth (F/2) of the 
absorption lines. The transition temperature was 
found to be (360 ±2) K. This value is lower than the 
(405 ±5) K obtained by measuring the disappearance 
of the magnetic contributions of the neutron 
diffraction pattern^. However the transition tempera- 
ture determined by Mossbauer spectroscopy is usually 
lower than that determined by neutron diffraction. 
This is due to the time of y photon-nucleus interaction 
(10 “’*s) being longer than that of neutron-nucleus 
interaction (10 "'^s). The transition temperature 



Pig. i—The relation between the temperature (7) and the halfwidlh 
of the absorption lines (F/?) of CoAIFeO. 
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Fig. 2 — Mossbauer spectrum of CoAlFe 04 at 400 K 



Fig. 3 — Mossbauer spectrum of CoAlFe 04 at 78 K 


determined in this study is also considerably lower 
than the 500 K of a similar sample, CoAlFeO^, but 
prepared using a quenching ceramic method"*. This 
indicates that the magnetic-paramagnetic transition 
temperatures of the spinel ferrites are strongly affected by 
the heat treatment during the sample preparation. 
Therefore, the cation distributions and consequently 
the spontaneous magnetization of these ferrites are 
influenced by the heat treatment. 

The paramagnetic Mossbauer spectrum of 
CoAlFe04 (Fig. 2) shows two overlapping doublets 
coming from ^’Fe^'* of tetrahedral (A) and octahedral 
(B) sites of the spinel. In Table 1 are listed the 
Mossbauer parameters obtained from this spectrum 
together with the earlier reported results. 

The large overlapping of the absorption lines of 
Mossbauer spectra taken at 295, 345, 350, 353, 356, 
367, 380, 390 and 400 K indicates that these lines are 
not accurate enough to distinguish the Fe^ ^ cations of 
A and B-sites. The line splitting observed in the well- 
resolved magnetic Mossbauer spectrum at liquid 
nitrogen temperature (Fig. 3) suggests that the 
spectrum is a superposition of two six-line patterns 
appearing due to the ferric ions being on two non- 
equivalent sites in the crystal structure. The two 
patterns are denoted by I and II. 

The following observations are worth noting: 

(i) The ratio of the Fe^"* tetrahedral to the Fe^"*^ 
octahedral of CoAIFeOi as determined by neutron 


diffraction (1 to 1.63)^ is nearly equal to the 
corresponding ratio of the cubic spinel CuFe204 (1 to 
1.41) as determined by Mossbauer spectroscopy^. 

(ii) The magnetic Mossbauer spectrum of 
CoAlFe04 at liquid nitrogen temperature (Fig. 3) is 
very similar to the magnetic spectrum of the cubic 
spinel CuFe204 at liquid helium temperature^. 

Based on (i) and (ii) above, we conclude that: Pattern 

I of the CoAlFe04 hyperfine spectrum at 78 K (Fig. 3) 
belongs to the Fe^ ions located at B-sites and pattern 

II belongs to the Fe^'* ions located at A-sites. The 
separation of the two patterns was sufficient to 
determine the isomer shifts (IS), the quadrupole 
splittings (QS), and the effective hyperfine magnetic 
fields (//'eff) of the ^’'Fe nuclei of both sites. Table 2 
presents the calculated hyperfine parameters at 78 K 
together with the reported earlier results. The results 
listed in Tables 1 and 2 indicate that the paramagnetic 
and magnetic Mossbauer parameters of the spinel 
CoAlFe04 are affected by the heat treatment during 
sample preparation. 

The values of hyperfine parameters given in Table 2, 
are consistent with the general facts that for the ferro- 
spinels, the values of IS and H^ff are lower for the A- 
site ions than for the B-site ions. Analysis of the non- 
equality between the cation radius, r, of Fe^'* (r 
=0.67 A) and the vacancy radii* and of A and B- 


Table 1 — Parameters of the Paramagnetic 
Mossbauer Spectra of CoAlFe 04 


Heat treatment 

T* 

QS 

IS 


[K] 

[mm/s] 

[mm/s] 

Slowly cooled 
(present work) 

400 

0.55+0.05 

0.24±0.02t 

Quenched^ 

549 

0.59 

-0.09t 


•Temperature of measurements 
tWith respect to Fe metal 
JWith respect to stainless steel 


Table 2 — Interaction Parameters for ^’Fe Nuclei of 
CoAlFe 04 Obtained at Liquid Nitrogen Temperature 


Heat 

T* 

Sub- 

ist 

«crr 


treatment 

[K] 

spectrum 

[mm/s] 

[kOe] 

[kOe] 

Slowly 

78 

Fe^* (A) 

0.38 ± 

475 ± 


cooled 



0.01 

5 

491 



Fe^* (B) 

0.45 ± 

508 ± 




0.01 

5 


Quen- 

ched^ 

80 

Fe^* (A) 



507 



Fc^+ (B) 

— 

— 


•Temperature of measurements 
tWith respect to Fe metal 


412 





NOTES 


sites [rA<0.58, rB<0.72A (Ref. 6)] suggests a 
considerable covalency of chemical bonds in spinels. 

The smaller dimension of tetra-vacancy explains the 
bigger covalency of Fe^'*' (A) and, in turn, the smaller 
IS and The overlapping of the Fe^"*" and 
shells eliminates the pure configuration and makes 
the nrixed TxP- 45 configuration more favourable. The 
addition of 45 electron produces on the nucleus 
another magnetic contact field, which has an opposite 
sign with respect to the Fermi contact field. This arises 
from s-d^ polarization effects. In this way, is 
more reduced on the tetrahedral than on the 
octahedral sites, because the covalency 45 of A-site is 
bigger than that for B-site. 

We would like to thank Mrs. Z. Kucharski and M. 
■Lukasiak for cooperation in the experimental 


measurements and helpful discussions. The technical 
assistance of Mr. J. Ozimkowski is gratefully 
acknowledged. One of us (F.M. Mostafa) is pleased to 
thank IAEA in Vienna and lEA in Swierk for the 
award of a fellowship in Poland. 
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Thin Film Science & Technology 6: 
Coatings on Glass 

by H K Pulker 

Elsevier Science Publishers, Amsterdam, 1985 pp. xviii 
+ 484, Hard Cover, Price Dfl 245.00 ISSN 0-444 
-41903-9; ISBN 0-444-42360-5 


In the last three decades a good deal of literature has 
been published in the field of thin film technology 
covering a wide spectrum of subject matter including 
preparation, characterization and application of thin 
films. However, only in exceptional cases one finds 
comprehensive treatment of the subject covering 
relevant topics. Though the last few years have 
witnessed phenomenal growth in the field of thin film 
technology, a gap was felt in the available literature in 
that it could not provide, in a concise form, 
information on new and emerging techniques of film 
formation, characterization and applications. The 
book under review fulfils this requirement. 

The first chapter gives a brief history of the various 
stages in the development of glasses and coatings 
including anti-reflection coatings, mirror coatings and 
interference coatings. In chapters 2 and 3, the author 
has discussed in depth the composition, structure, and 
physical properties of various types of glasses (both 
inorganic and organic glasses) as also the nature of the 
glass surface which includes chemical composition of 
the surface, structure of the surface, energy of the 
surface, etc., followed by methods of producing 
desired glass surfaces. The subject of clean glass 
surface and its implications are best known to a person 
working in the field of thin film technology. Half the 
battle in thin film coatings is won if the technique of 
cleaning the substrate surface is optimized. This topic 
is very well treated by the author in chapter 4 wherein 
clean surfaces are classified into two categories, viz. 
atomically clean surface and technologically clean 
surfaces. The various techniques of cleaning the 
surface are classified as those applicable in atmosphere 
and those that are applicable in vacuum. The subject of 
adhesion of films with glass surface is treated in 
chapter 5. Here the author gives the detailed 
mechanism of the phenomenon of adhesion and 
methods of quantitative measurement of the same. 

The subject of thin film fabrication technique is of 
paramount importance in achieving a variety of 


application-oriented goals. However, firms engaged in 
the production of thin film coatings opt for certain 
methods, which are not only proprietoiy but treated as 
‘trade secrets’ and are not available in the published 
literature. This subject is, extensively covered in 
chapter 6 where one can see the ‘experimental 
experience’. The various techniques of film deposition 
are classified under chemical film formation process 
and physical vapour deposition process (evaporation, 
sputtering and ion plating). This is the largest chapter 
covering 192 pages with an exhaustive list of 473 
references. Chapter 7 deals with film thickness 
measurement and in situ monitor and control. In 
particular, quartz crystal film thickness monitor has 
been discussed in detail. The various physical 
properties of thin films, their structure, chemical 
composition, hardness, chemical and environmental 
stability, porosity, density, etc. are discussed in 
chapter 8. The last chapter deals with applications of 
thin films and is mostly confined to optical thin films. 
It also discusses, in brief, present status and trend 
which perhaps is a misnomer, since the discussion is 
limited to only integrated optics. However, a brief 
description of the scientific applications of thin films is 
very interesting and points to the potential 
applications of thin films in fields which were not 
thought of earlier. For example, thin film 
chromatography (TFQ which could achieve detection 
sensitivity in the nanogram region is much superior to 
the conventional thin layer chromatography (TLC). 
Similarly, the unconventional use of interference filters 
in determining thickness of ultrathin films (0.3 nm) 
observing crystallographic phenomena such as spiral 
growth of organic compounds in situ, gas kinetic 
studies, etc., are some of the expositions which perhaps 
were not known to many workers earlier. 

The literature concerning the coatings on glass is 
vast but scattered and the attempt by H K Pulkar, to 
put the useful material in a systematic and 
comprehensive form deserves appreciation. All the 
topics have been covered in detail backed by 
exhaustive list of references. Although rigorous 
mathematical treatment is avoided, useful hints and 
relevant references are always mentioned. In the 
opinion of the reviewer, this book is equally useful to 
those involved in research, development and 
production of thin film devices. 

V V Shah 

National Physical Laboratory, New Delhi- 12 
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Investigations on Focussing Property of Three-Element Electrostatic Lens 

HUSSEIN MAHMOUD SAAD & HASSAN ABD ELHAMED 
National Center for Radiation Research & Technology, Madinet Nasr, POB 29, Egypt 
Received 6 September 1985; accepted 8 August 1986 

The properties of both physically symmetric and asymmetric three-element electric lens have been investigated experi- 
mentally for voltage-asymmetric and einzel lenses. Then, the dimensions of the intermediate electrode were varied %vith re- 
spect to the other electrodes. The einzel lens with equi-dimensions and electrode width to aperture diameter = 0.6, gave an 
appreciable agreement with theoretical expectation when the mid-focal length was measured against the intermediate elec- 
trode potential. Further measurements showed that while the mid-focal length increased with thickness and electrode separ- 
ation, it decreased with aperture diameter. On the other hand, the asymmetric single lens exhibited almost the same results. 

In the voltage asymmetric mode, the beam was always focussed at the same point by readjusting the potential P '3 on the third 
electrode for different intermediate electrode potentials I^,atfixed F,. Again, when K was varied with respect to V,at two 
fixed values of the properties of the lens were nearly the same as that of the symmetric single lens but with shorter and fi- 
nite focal length. 


1 Introduction 

The application of low energy electron beam in the 
study of surface irradiation and impact processes, in 
our laboratory, has stimulated the necessity to utilize a 
well collimating element, among our transport system, 
to control the beam subject to the requirement of 
beam spot-size and working distance. Comprehen- 
sive studies have been done so far to cover the various 
types of the electrostatic lens geometries and voltage. 
Double-element lenses are discussed by Cross et al} 
and in the texts of Grivet^ and Paszkowski^. Their fo- 
cussing properties are functions of a variable parame- 
ter ( T^/ Fj), Fi, and F 2 being the accelerating (or re- 
tarding) potentials. Triple-element lenses are neces- 
sary when a beam is to be focussed without changing 
its energy .The beam energy may be higher or lower at 
the centre of the lens than at its entrance or exit, but the 
condition of higher energy at the centre results in low- 
er aberrations of the image. They can also be operated 
in asymmetric modes, and in such a case they offer 
considerable advantages over the two-element lenses. 
The two variable parameters of a three-element lens 
( V^/ Fj and Fj/ Fj ) can allow one property to be kept 
constant while the other properties are varied, thus 
forming the zoom lenses that would produce a beam of 
variable energy and magnification with fixed working 
distance. A three-electrode lens requires the specifi- 
cation of seven geometric parameters (three electrode 
thicknesses, two spacings and two aperture sizes as a 
ratio of the third), where upon the production of uni- 
versal curves for the lens is impractical. This, in gener- 
al, presents difficulties for the lens designer. Neverthe- 
less, the calculation of the properties of mathematical . 
rrtodels approximating the practical lens is made by 
soKing Laplace's equation to find the potential dis- 


tribution along the axis, whereon the focal properties 
can be simply calculated by numerical integration. 
However, the increasing availability of digital compu- 
ters has made it possible to find the axial potential dis- 
tribution more accurately, and hence achieving a large 
compilation of lens data. Read and others'* ~ ** have cal- 
culated the focal lengths of a wide variety of lenses with 
thin electrodes. More recently, El-Kareh*'* has pu- 
blished enough data that are much useful for the lens 
designer. Kuroda” “ has analyzed a voltage-asym- 
metric lens while Riddle’** computed the properties of 
a number of three-element single lenses. 

However, in order to obtain an accurate lens design 
to give satisfactory performance, it is necessary to sup- 
plement theoretical information with a good deal of 
empirical data obtained from experimental studies. 
Therefore, in the light of the early theoretical works, 
we proposed certain versions of the lens that are con- 
sidered to be adaptable with our next work, to inves- 
tigate experimentally their characteristics. They are 
composed of coaxial, symmetric and asymmetric ap- 
ertured disks held at different potentials with respect 
to that of the source. 

2 Calculation of Lens Properties 

There are no simple formulae that represent the 
performance of a given lens as its constants depend on 
the nature of the potential distribution along the axis. 
This distribution is a complicated function of the pot- 
ential and geometry of the lens elements. The first 
stage is, then, of obtaining the potential distribution 
V[r, z), within the lens; then the distribution in axially 
symmetrical system is determined from the potential 
along the axis l{z) by Laplace's equation. Expanding 
the potential in power series about the axis, and neg- 
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lecting the higher terms for an electron path very close 
to the axis, we get; 


Hnz} = V- ...(1) 

V’ is the second order derivative of the axial potential 
with respect to Z Using this equation with the electron 
equation of motion; 


f. _ 0 

m dr 


we obtain the paraxial ray equation ; 


V' 

r' + — r' + 
2V 


Zl' 

4V 


r = 0 


...( 2 ) 

...(3) 


Inmostreallensfields, V' changes sign at one or more 
points that makes the integration of the equation (to 
evaluate the focal length) rather difficult. It is, then, 
more convenient to introduce the variable ; 

R(z) = r 

in conjunction with Eq.( 3) to obtain Pichet equation ; 


Taking the ratio of the slope to the radial distance leads 
to the focal length ; 

.. (i. (fill 

/ Kz) [V 2 I R{z) 


where the subscripts 1 and 2 represent the parameters 
in the object and image space respectively. In contrast 
to thick lenses, within a thin lens, i{z) - constant for 
the path of the electron, as both principal planes coin- 
cide with the mid-plane. Rearranging Eq (4) and eval- 
uating the integration, the focal length / and the mid- 
focal length ^(defined in Fig. 1 ) can be obtained once 
the axial potential F( 2 ) is known. Hence, the formula 
for a nvo-element thin lens as derived by Sturrock'^ 
and applied by Felici'^ is 


I 

f 


2 

16 




(5) 


three-tube systems. If Fj = then, the lens has equal 
focal lengths on both sides, so that if is often called an 
einzel or single lens. It has been analytically found‘d 
that the focal length /and the distance L of the princi- 
pal plane to the left of the mid-plane of a thick single 
lens consisting of three thin plates with equal aper- 
tures, located distances a in between, are; 


1=1(22 



...( 6 ) 


X V, V, 



Fig. 1 —Representation of focal and mid-focal lengths of a three- 
aperture symmetric single lens ' 



IntcfmediQtc Electrode Voltage (V^),V 

Three-clement lens belongs to the same class if the , , , . u , 

. , - , . . ® , j u F)g.2— Comparison of the results calculated by Pierce and Read 

potential of the intermediate electrode F, ranges be- ,,,05^ experimentally measured for the mid-focal length, as a 

tween or is adjusted outside that of the outer elec- function of intermediate electrode voltage of a symmetric single 
trodes. They may be realized by three-diaphragm or lens 
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They are plotted in Fig. 2, where the mid-focal length 
{f — L)isconsidered.Asthereisaprobabilityoffields 
on both sides of the lens, electrons may follow curved 
paths and will not cross the axis at the focus. Thus, Eq 
( 6 ) represents an approximation to the thin electrodes 
single lens. However, for more accuracy various tech- 
niques have been derived to solve for the potential dis- 
tributions. The early determination was made experi- 
mentally by analogue methods such as electrolytic 
plotting tank or the resistor network. The former is a 
perfect physical analogy between the propagation of 
electric currents through electrol)/tes and the spread- 
ing of the lines of force through an electrostatic field^®. 
The accuracy is limited by electrolytic polarization 
and by the surface tension of the liquid producing a 
meniscus . In the latter, the electrolytic tank is replaced 
by a network of discrete resistance units connecting a 
square array of studs. The electrodes of the electron- 
optical system are simultated by short-circuiting 
corresponding studs'^-^*^. On the other hand, Glaser^^ 
approximated the potential distribution of the single 
lens by a bell-shaped distribution. This approach has 
been elaborated by Kanaya et al?^ to give all optical 
data for the single lenses of three thin electrodes with 
apertures. The alternative methods, giving a more ac- 
curate solution for the complicated fields of actual 
lenses, involved integration* of Laplace’s equation by 
computational or numerical methods. The accuracy 
of these methods depends on the size of integration in- 
terval Azfor which Kz) is considered constantThere- 
fore, more accurate data for the same lens type have 
been obtained by Read*’ by numerical integration of 


the ray equation using potential distribution calculat- 
ed by a least square collocation method predicting a 
convergence of the iterative scheme. Thefocal length 
was deduced from the asymptoticbehaviour of parax- 
ial rays in the field-free regions. For comparison, his 
results are represented in Fig. 2. Nevertheless, the 
method most widely used recently, that does not differ 
much in accuracy, has been the finite difference meth- 
od^^ (and its derivatives ), in which the region under in- 
vestigation is divided into a network of grids; each lat- 
tice point i is assigned a potential V^, and Laplace’s 
equation is then approximated by a set of linear equ- 
ations connecting %vith*the potential 1^ at the neigh- 
bouring lattice points j. The assumptions made are 
that the potential varies linearly between any tu'o adja- 
cent lattice points, and that the potential at any lattice 
point is affected only by the four surrounding points. 
Lattice points lying on boundary surfaces (that is on 
thelens elements)have fixed potentials, and potentials 
of the non-boundary lattice points are determined by 
solving the coimected linear equations iteratively, us- 
ing a relaxation technique. The accuracy of the solu- 
tion clearly depends on the number of lattice points. 
One advantage of this method is that only the least es- 
timate of the potential at each point need be stored. 
Coefficients of the potential terms are recalculated 
each time they are required. 

3 Measurements and Discussion 
For producing a possible parallel electron beam to 
the lens a simple form of Pierce gun, that has been dis- 
cussed previously^'*, was used and assembled 10 mm 
apart from the three-element lens. The electrodes of 
the lens were made of stainless steel with 1 .5 mm aper- 
tureand 1 mmthicknessfortheoutertwo,whilethedi- 
mensions of the intermediate electrode were subject 
to investigation requirements. The insulators were 



To Vacuum 

Fig. 3— A schemaiic drawing of the geometry of the system 
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kept away from the beam trace in order to avoid charg- 
ing up and the build-up of contaminating layers on sur- 
faces. The measurements were taken by a movable cy- 
lindrical probe 1 mm in diameter and 1 mm in length,, 
made of tungsten. The vacuum chamber was made of 
iron coated with a thin layer of chromium to avoid 
stray fields. The system is schematically depicted in 
Fig. 3. 

The studies were carried out with a vacuum of " 
10 mm Hg. The first experiment aimed to find out 
the extent of accuracy of the work. A symmetric single 
lens was prepared, with a ratio of electrode width ( /) to 
aperture diameter (cl),i.e.r/rf = 0.6,whilethetheoret- 
ical plots of Fig. 2 were done for a lens of t/rf = 0.5;it 
has been noticed that this difference makes no serious 
departure in the result^^. The gun was then adjusted to 
give an electron beam of intensity ~ 10 pA, when the 
anode potential was fixed at 200 V with respect to the 
earthed cathode. For each voltage ratio [V 2 /V 1 ), the 
probe was axially moved along the beam up to the po- 
sition where the meter gives the maximum current. 
This was taken as thefocus since the beam at theobject 
side was nearly parallel. At the foci the readings were 
almost the same with a value of ~ 3 x 10"^ A, within 
the cases of higher voltages, then the foci became no 
longer definite. The results are shown in Fig. 2 too. It 
shows that for voltage ratio V^/V^ greater than unity 
the experimental values are a little higher than the 
corresponding calculated ones. This is thought to be 
due to errors in the extent of parallelism of the object 
beam and spherical aberration, as it makes the posi- 
tion inconsistent with the exact focus. However, the 
discrepancy is quite finite, since besides being com- 
parable they behave in the same manner with voltage 
V^. Therefore, we could reliably proceed to investig- 
ate the dependence of the lens performance on the 
various parameters. Hence, next an experiment was 
done to find out how far the collimating effect depends 
on the thickness t. Fig. 4 represents the relation be- 
tween Vj and the mid-focal length F for different va- 
lues of /. It shows that at r = 8 mm the focus could not be 
obtained unless was relatively increased. Then, at 
such higher voltage, the focal length showed to be 
longer forhigher thicknesses. On the other hand, with 
thin electrode, as the voltage decreased from 
lOOOV, the mid-focal length was slightly increased, 
and when the voltage ratio V^l FJ became less than 2, it 
rapidly increased to infinity. Here, it is worth noticing 
that the focal length increases with thickness. 

In the light of this result, we could conclude that the 
choice of both thickness and voltage are subject to the 
target location. However, it was noticed that wth de- 
creasing voltage, for longer focal lengths, the currents 
at the corresponding foci were gradually decreasing. 
Hence, it is appropriate to utilize cylindrical elements 


rather than apertured disks for getting longer focal 
lengths. Three complementary experiments were per- 
formed. In Figs 5 and 6 the dependence of the mid-fo- 
cal length on the voltage is demonstrated for different 
values of d and a respectively. It may be seen that with 
wider aperture the mid-focal length was more short- 
ened and controlled at still lower voltage ratios. Here, 
we did not apply wider aperture; otherwise the system 
might suffer spherical aberration. Besides, it indicated 
appreciable increase when the spacing (a) increased, 
as shown in Fig. 6. In this case, precautions were taken 
to avoid spurious fields that affect electron paths with- 
in the spacings. 

It must be noted that when the experiment was done 
to find out the difference between symimetric and its 
corresponding asymmetric lens, the results were near- 
ly the same. The spacings were varied from 0=3 and 3 
to 7 and 2 mm respectively, for a lens with 1 mm thick- 
ness and 1.5 mm intermediate electrode diameter. 

Again, with an equi-dimensions symmetric lens 
having 6 mm spacing in between each two electrodes, 
other two experiments were performed to find out the 
behaviour of the lens for the voltage-asymmetric case. 
The first was done to produce a focussed beam with 
continuous voltage variability while keeping the probe 
at 1.5 cm from the lens, that is zoom mode. With Fj 



Fig. 4— Characteristic of s>Tnmctric single lens with intermediate 
electrode thickness as a parameter 
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Intermediate Electrode Voltage (V2)iV 

Fig. 5— Characteristic of symmetric single lens for two intermedi- 
ate electrode apertures 



Fig. 6 —Characteristic of symmetric single lens for two spacings (a) 
in between theelectrodes 


fixed at 200 V, was readjusted for the different va- 
lues of V 2 , in order to obtain the maximum possible 
current ( > F,). It may be pointed out that the cur- 
rent measured by the probe was not the same for the 
different values of V 2 . This is due to the variation in 
spot magnification. However, we did not try to mea- 
sure the magnification as it needs to replace the probe 
by a glass plate coated with phosphorus followed by a 
glass window joined with a travelling microscope. The 
variation we obtained is shown in Fig. 7. It is clear that 

linearly increases up to F 2 = 730 V, then rapidly in- 
creases. 

The next experiment was done to find how the mid- 
focal length varied when F 2 was varied with respect to 



Fig. 7 —The plot of zoom lens, showing the relation between K, and 
K 3 for a constant value of of a symmetric lens with spacing a = 6 

mm 



Fig. 8 — Mid-focal length as a function of K for two values of Vj 
when K| is fixed at 200 V 
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Vy, for F 3 = 100 and 300 V respectively. The result is 
shown in Fig. 8 . In general, the behaviour was like that 
of the single lens but with shorter mid-focal lengths. 
On the other hand, the mid-focal length was finite. 
This is because the control electrode V 2 caused the 
lens to act like two immersion lenses in series, one of 
which can be made with a voltage ratio other ±an un- 
ity. For an immersion lens, the mid-focal length be- 
comes infinite when V 2 =Vi. 

4 Conclusion 

This it is clear that though, according to theory, the 
mid-focal length depends only on the potential gra- 
dient, it shows dependence on the lens dimensions as 
well, when studied experimentally. Hence, it is import- 
ant to supplement theory with empirical data. Besides, 
it is adverse to compromise between target location 
and lens dimension on one hand; on the other hand, it 
is advantageous to use voltage-asymmetric lens since 
the mid-focal length can be made finite as is varied 
by making Fj any value other than F, . It is worth clari- 
fying that the latter strategy can be adopted at the ex- 
pense of the number of the power supplies used. How- 
ever, the ultimate choice depends on the role the lens is 
designed for. 
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The extended space-time manifold of a uniformly accelerating (decelerating) reference frame is considered. An 
analogy between the light barrier and a black hole event horizon in the theory of relativity, is shown. It is stated that there is a 
possibility for bradyon-tachyon transitions in the proper reference frame by a constant acceleration, i.e. for the light barrier 
penetration. 


1 Introduction 

In most results of special relativity (SR) and general 
relativity (GR), there exist similar peculiarities: the 
light barrier and an event horizon, occurrence of 
which is associated with the principle of short-range 
interaction being common for both the theories. The 
expressions which connect proper and coordinate 
times and distances are the following for uniform mo- 
tion and the Schwarzschild gravitational field, re- 
spectively'; 

/= /o(l - ...(1) 

toll /= /o(l - 2GMIr&Y 

...( 2 ) 

where and 4 are the proper time and the proper dis- 
tance respectively. The first pair of the expressions 
for V— c and the second pair for r= r^ — 2 GM/c? ( G 
being gravitational constant and cthe light speed) be- 
come singular. For V> cand r< r^, all the left-hand 
values become imaginary. If we pass over to the non- 
relativistic limit,c— «>, the singularities will disap- 
pear together with the division of the space-time into 
subluminal and superluminal regions as well as into 
regions over a horizon and under it. Thus, 
non-Euclidean topology of space-time (pseudosin- 
gular surfaces, the higher dimesionality, etc.) is condi- 
tioned by finiteness of the fundamental speed^. It 
should be noted that non-Euclidean topology may be 
not only a theoretical construction of GR, but also it 
can develop in global structure of theuniverse by real- 
izing such astronomical phenomena as quasars, 
gamma-bursts, voids in the large-scale structure, etc.^ 

Superluminal objects are obtained in relativity 
through the generalization of the usual Loren tz trans- 
formations to V> c by means of both real^ '^ and 
complex (imaginary)^ " ’ transformations. It is import- 


ant for further consideration that both types of super- 
luminal transformations (SPL transformations) con- 
serve some common principles of superluminal phy- 
sics. Specifically, there is the reciprocity^’'*’® (or dual- 
ity^ "’^) principle on symmetry of bradyonic and ta- 
chyonic worlds, which maps the bradyonic 4-space to 
the tachyonic one. Also, in similarity to the horizon 
crossing in black hole extended manifolds, under SPL 
transformations the roles of time and space coordinate 
are interchanged®’®. 

We would like to emphasize that analogies between 
features of black hole extended manifolds and super- 
luminal physics are not accidental. They are linked 
with the extension of relativity principles to superlu- 
minal phenomena which consists of transformations 
of the Minkowski metric tensor to a more general 
form, i.e. 


/±1 

±1 

\ 



...(3) 


This is true both for complex and real SPL transfor- 
mations. Such a metric tensor is, in essence, a particu- 
lar case of a GR-metric (diagonal) when the metric 
tensor is in a general case, the arbitrary function of 
space-time coordinates. So, for example, in the 
spherical polar coordinates we have instead, the ten- 
sor (3) 


/±1 


YmB-- 


±1 




••■(4) 


± r sin^ Q j 


while in the Scwarzschild case 
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ni-lGM/r^) \ 

s,.- 

\ —T^sin'd] 

...(5) 

Thus, the transformation from (Minkowski) to 
some other form (3) corresponds to the transforma- 
tion from r> region to r< one in (5). 

According to the duality principle, tachyons be- 
have as bradyons and bradyons do as tachyons in a 
SPL reference frame. With^ the framework of SPL 
extensions of SR, tachyons and bradyons remain 
separate. It is impossible to transitbetween tachyonic 
and bradyonic objects. However, within the frame- 
work of GR, the situation is principally changed. 

In this paper, we consider the extended manifold 
construction procedure in the reference frame of a 
uniformly accelerating observer. The possibility of 
transition from bradyons to tachyons through motion 
in the proper reference frame with intersection of 
metric pseudo-singulariries, is shown. Such trans- 
itions are possible in black hole extended manifolds, 
for example, in the Kerr black hole. 

2 Extended Manifold of a Uniformly 

Accelerating Observer 

Let us consider the geometry of thereferenceframe 
for an observer moving with a constant acceleration 
A( > 0) or deceleration A( < O)’-'®, which is described 
by the metric 

d/ = (l +An;os0)'^[(l -AV)d/^ 

- (1 - r'(d0' + sin' ed^^')] ... (6) 

where ris the distance from the observer to theaccele- 
rating object. We use here the geometrized units, 
where c= 1. 

We shall consider the conformal structure of the 
space-lime, when character of pseudosingularities in 
the metric (6 ) takes an importance. This metric is very 
similar to the well-known de Sitter metric with con- 
stant curv'ature" , It takes the de Sitter form in the eq- 
uatorial plane 0= rt/2 and in the renotation of the 
constant A- = A/3,where A is the cosmological con- 
stant. In such a space-time manifold, the surfaces 
r= ±A~'are horizons but not singularitie.s. The ex- 
tension of the deSitter metric beyond the horizon was 
performed in some studies'-" We shall apply the 
analysis of the de Sitter metric for an investigation of 
the conformal structure of the uniformly accelerating 
mctric(6 ). We shall demonstrate the possibility of mo- 
tion across the horizon surfaces r- ±A~K 


In order to remove the pseudosingularities at hori- 
zons in the metric (6), we adopt the following new 
coordinates^' 

M= 2Cexp (yr*)cosh (yr), v= 2Cbxp (yr*)sinh (yt) 

...(7) 

with the ranges — <x> <u< — oo<v<-b«>, 

where C= constant, y= constant. Then the metric 
gets the form: 

ds' = (l -f Arcos 0)”’'[/'(n, v)(dv' — d«') 


-r'(d0'-bsin' 6df)] 

...(8) 

We define here 


f{u,v) = ^C-'y'(l - AV')exp ( - 2yr *) 

...(9) 

J (1 -AV)dr=ilog[(l +Arm-Ar)]. 

..(10) 

We can easily obtain 


f{u,v) = ^C-Y\l+Ary-^{l-Ary^^ . 

..(11) 

Themetricofa uniformly accelerating observer (6 ), 
will not be singular at the horizons r= + A“' if the 
parameters are constrained within certain conditions. 
We choose y = ± 1 for A$0, respectively, and Cis an 
arbitrary constant. Then, 

/■ = (1 + Ar)V4C' for A>0 (cos 0> 0)1 
/“ = (! -Arf/4C^ for A<0 (cos 0<O)j 

.(12) 


Therefore, the new non-singular space-time 
coordinates are connected with (a r)-coordinates by 
the following formulae 


«=Cl{I+Ar)/(l±Ar)rcosh(+/l/) forA^O 

v= q(l +Ar)/(1 ±Ar)]'^sinh(TA/) forA^O 

...(13) 

The inverse transformations are: 
r= ±(1/A){C'- tr+ \^]{C- + ir- ..414) 

/= +(l/A)coth‘‘(nA’) ...(15) 
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Fig. 1 — Kruskal-like diagram for the extended space-time mani- 
fold of a uniformly accelerating reference frame 


With the help of the set of correlations, the space- 
time manifold can be represented as the Kruskal-like 
diagram in the( u, v)-coordinates.The space-times for 
both yi>0 (acceleration) and A<0 (deceleration) 
cases can be drawn on the same diagram since they 
have the same conformal structure (Fig. 1 ). 

The compactified representation of the conformal 
structure for the space-time under investigation can 
be done' with the help of transformations which are 
used to construct Penrose-like diagrams, i.e. by trans- 
forming ( u, v)-coordinates to {p, q)-ones according to 
the formulae 

C(=t.mp, v=tan(7 ...(16) 

with the ranges — 7il2 + ji/l and 
— jr/2 ^ + TcH. In Fig. 2, two cases of the un- 

iformly accelerating (or decelerating) space-times are 
shown in (p, <7)-coordinates. 

One can see four regions on these diagrams which 
are divided by the future horizon r= + oo or 

/■= —A~', t— + 00 and the past horizon r=A~\ 
/= — 00 or r— — A"', t= — 00 for acceleration or 
deceleration, respectively. They are bounded by the 
origin and the spatial infinity r = oo , which are not sin- 
gularities but emerge-as physical boundaries of the 
space-time. 

It can be remarked' that some similarities exist be- 
tween this representation of the space-time of a un- 
iformly accelerating observer and the analogous rep- 
resentation for the Schwarzschild space-time mani- 
fold. For example, the • asymptotically flat 
Schwarzschild region corresponds to r= 0 region 
here, the Schwarzschild singularity at r= 0 conforms 
to r= CO in Fig. 2 and the Schwarzschild past and fu- 


ture horizons at r= 2M, r= + «> show analogous 
properties with r= ±A“' surfaces. 

The above facts do not restrict the possible simi- 
larities of the space-time structure between the 
Schwarzschild manifold and the manifold of a un- 
iformly accelerating (decelerating) observer. One can 
investigate the behaviour of geodesics in the geometry 
(6) and show that the coordinate and proper time in- 
tervals are very much analogous to those in the 
Schwarzschild geometry: the geodesics in the proper 
time will be finite at the horizons. This fact indicates 
again a possibility to pass the horizons from the region 
r < ± A" ' to the region r > ± A" ' , i.e. from the sub- 
luminal (SBL)region to the SPL one. This process 
corresponds to the passage from the region over an 
event horizon to the one under it'^ ~ Moreover, we 
must emphasize on the basis of the earlier studies 
that regions under an event horizon are nothing but 
SPL ones; hence every horizon divides a space-time 
into SBL and SPL regions forming a space-time mani- 
fold with non-trivial topology. In other words, taking 
into account the six-dimensional interpretation of 
SPL phenomena®’ ^', and phenomena under black 
hole event horizons^’ conclude that a 

r=0 

brbdyon 


A<0 


tachyon 


A>0 
brad yon 

r— oo 

Fig. 2— Representation of the extended manifold of uniformly ac- 
celerating and decelerating frames by means of Penrose diagrams. 
[It is obtained from Fig. 1 through compactifying 
conformal transformations. The dashed line shows motion with 
. :transitions:bradyoh — tachyonandviceversa.] 
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horizon and the light barrier divided if* = (r, t) and 
r* = (t, r) subspaces in the global Lfi = (r, t) space. 

We would like to point out here that the above men- 
tioned sbc-dimensional consideration of SPL pheno- 
mena is not an alternative to the complex ones which 
are developed in earlier studies^’ The six- 
dimensional consideration can be interpreted as an 
intermediate step of complex representation of ex- 
tended manifolds in GR. 

Let us consider qualitatively the motion a body pic- 
tured by the dashed line in the Fig. 2. When an object 
is approximating to the horizon with a constant acce- 
leration, it will gradually disappear becoming asymp- 
totic to the r = >1“ ^ surface with regard to the observer 
at rest in some point (such a situation is analogous to 
some object ‘disappearing’ when it falls on a black 
hole). But in the reference frame of an observer at rest, 
the object will never pass across the surface r— AT 
In the proper reference frame of an accelerating body, 
this surface is not peculiar at all, and passing across it 
the object goes to the SPL region, i.e. it becomes a 
tachyon. A similar consideration can be given for a 
decelerating body from SPL region to SBL one, 
when it crosses the surface r— — A'^.Jn this case, a 
tachyon is transforming into a bradyon with respect to 
the original reference frame (see Fig. 2), We notice 
that the above conclusion regarding the horizon 
crossing in the proper reference frame of a uniformly 
accelerating (decelerating) body is valid only in this 
frame, and for a rest frame the crossing through the 
horizon is not observable. 

Thus, space-time manifolds of uniformly accele- 
rating and decelerating observers have a chance to 
produce tachyons from bradyons and bradyons from 
tachyons, respectively, in principle. 

3 Discussion 

In many studies on SPL extension of SR, SPL 
speeds of inertial motion are considered on equal 
footing with SBL ones, but the value of the light speed 
remains limited for both tachyons and bradyons. In 
other words, the light barrier penetration is impossi- 
ble: bradyons remain always bradyons and tachyons 
are always tachyons with respect to an inertial frame. 
This thesis is unquestionably true for an inertial mo- 
tion and in the absence of gravitational fields. 

The conclusions of the present paper show the pos- 
sibility to transform continuously from one class of 
objects to other one. It can be realized due to non-in- 
ertia! motion. However, the light barrier penetration 
is possible only in a proper uniformly accelerating or 
decelerating reference frame without any violation of 
the principles of relativity. This deduction is contra- 
dicting the relativity-violating analogous conclu- 
sions---'. Although our results might seem a little un- 


expected, they can be easily understood within the 
framework of GR. They are the consequence of the 
fundamental principle of equivalence and do not con- 
tradict SR because while analyzing accelerating mo- 
tion, we leave its realm and pass over to GR, where, as 
we have shown, the light barrier penetration is quite 
possible. 

We should note that while discussing accelerating 
motion, evidences are found in literature (see, for 
example. Refs 25, 26) indicating possibility of in- 
finitelly long motion with a constant accelerating, i.e. 
possibility to penetrate the light barrier. However, no 
conclusions are reported on tee possibility of passage 
to the superluminal region even in extended mani- 
folds of GR. 

Continuing the analogy between space-time struc- 
tures with horizons for the uniformly accelerating 
frame and gravitational fields^^, we can propose the 
possibility of tachyon-bradyon transitions in space- 
time manifolds of a black hole. Further details of this 
problem will be reported by the author in future. 
However, we point out that tachyon production from 
the Schwarzschild black hole was recently investigat- 
ed by Srivastava*®. 

Let us perform some estimations concerning the 
proposed possibility of the light barrier penetration. 
Consider an object from the point of view of its own 
reference frame which travels with a constant acceler- 
ation A (value of A being equal to that of the free fall 
acceleration in the Earth’s field, g). Such an object can 
travel for an unlimited time without any restrictions (in 
the proper reference frame!). In such an accelerating 
frame, there will be observed local effects analogous 
to those occurring in the earth’s gravitational field. 
The distance to the accelerating horizon can be esti- 
mated to be^: r= <^g ~ ' ~ 10'* cm “ a light year, i.e. a 
distance of about the size of the solar system. 

In conclusion, we draw attention to the fact that 
within the framework of SPL extension of relativity 
and electrodynamics, the behaviour of an electric 
charge as a magnet has been studied’ ’’ -* -’'. Hence, 
our deduction on the posibility of tachyon production 
by an accelerating motion suggests a possibility of 
production of a particles having properties of magne- 
tic monopoles. 
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The shielding problems that arise due to the irregular penetrations, such as neutral beam injection ducts (NBID), 
should be treated carefully to aid in the shield design. The effects due to radiation streaming through NBID 
on the angular distribution of the total gamma ray doses at the outer surface of an ilmenite concrete shield (p = 4.6 g/cm ) 
are discussed. The shield was pierced with NBID of different diameters and lengths and the measurements 
were made using a collimated beam of both gamma rays and neutrons and ’’LiF teflon thennoluminescent 
dosimeters. The total dose is highest at the centreline of NBID and tends to decrease with the increase of scattered angle. The 
experimental data obtained have good agreement with the ones calculated using an empirical expression connecting 
differential dose rate with scattering angle. 


1 Introduction 

As previously reported by Selph and Claiborne*, 
most of the shields designed for nuclear reactors 
contain air-filled holes. These irregularities represent 
serious problems for shield designers. 

The most effective method available for reducing the 
amount of gamma rays and neutrons that travel 
through such holes is to design the ducts or the 
pathways so that these radiations do not penetrate 
straight forward through shields. Bend ducts, and 
neutral beam injector ducts are typical examples of bad 
designs for this purpose. In these cases, the radiation 
transmitted through the holes may constitute a major 
fraction of the dose penetrating through the shield. A 
shield designer has to take into account the effect of 
various types of holes on leakage of gamma rays and 
neutrons under given set of conditions in the duct 
construction for effecting maximum economy. 

Raso^'^ had calculated differential back-scattered 
dose rate from a semi-infinite medium of a concrete 
shield using the Monte Carlo technique. Experiments 
for measuring the differential dose albedo for thick 
slabs of concrete and several other materials have been 
previously performed by Clifford'* using *^'*Cs source 
and by Barrett and Wadmann* using ^'’Co source. In 
their studies, the gamma radiation incident on the 
material slabs was collimated while uncollimated 
isotropic detectors were used for detection. The 
radiation streaming through the neutral beam injector 
(NBl) has been studied by several others^-"'. 

In the present study, the gamma ray angular 
dependence is discussed and an empirical expression 
has been derived for the differential dose rates of the 
back-scattered gamma rays from the neutral beam 
injector duct. 


2 Experimental Details 

The angular gamma ray dose distributions through 
the NBID ilmenite concrete shield blocks were 
measured using sets of three large concrete samples in 
the form of rectangular blocks each of dimension 120 
X 120 X 40 cm^. Each block contained a cylindrical 
hole. For each set of 3 blocks, the first two blocks had 
holes with 10 cm diameter. The diameter of the hole of 
the 3rd block ranged from 2.9 to 10 cm. This type of 
construction enabled us to design a neutral beam of 
diameter 10 cm and length 80 cm connected with an 
injector duct of length 40 cm, but having diameters 2.9, 
5.8 or 10 cm. The NBID ilmenite concrete shield blocks 
were arranged in front of one of the horizontal 
channels of the Egyptian Research Reactor- 1 (ET-RR- 
1). A schematic diagram of the experimental layout is 
shown in Fig. 1. 

Special care was taken to see that the ducted axis 
coincides with the beam axis, in order to minimize the 
effect of scattering from the front face of the concrete 
blocks. The chemical composition of the ilmenite 
concrete has been reported previously by Megahed et 
al.^ A perspex sample holder with special openings 
was arranged to place the detectors at different 
distances in two perpendicular directions (R, .v 
directions) with respect to the duct centre-line at the 
end surface of the ducted shield. The ratio of the 
distance perpendicular to the duct axis to the length of 
the neutral beam injector duct helps to evaluate the 
scattering angle t?, of the scattered gamma rays. 
Measurements were performed using a collimated 
beam of gamma rays and neutrons emitted from one of 
the horizontal channels of the ET-RR-1 reactor. 

The gamma doses were measured using small discs 
of ’LiF teflon thermoluminescent dosimeters each of 


426 



SAYEDAHMED & ABBOUD: NEUTRAL BEAM INJECTION-DUCTED CONCRETE SHIELD 



12.7 mm diameter and 0.4 mm thickness. The isotopic 
abundance of ^Li in such a dosimeter is 99.99% and 
that of ®Li is 0.01%. ’'LiF dosimeter was chosen for 
such measurements because it has a low or negligible 
response to neutrons of different energies, so it serves 
as a detector suitable for gamma rays in mixed fields of 
radiations coming from a nuclear reactor^’ In 
addition, it has the advantage of accumulating the 
incident doses during any irradiation time, and 
therefore, can be used for measurements of very low 
intensity gamma doses. 

The ’LiF dosimeters were first calibrated against 
gamma doses using a ^^’Cs standard gamma source 
nnd the calibration coefficients obtained were used to 
transform the responses of ^LiF dosimeters to absolute 
gamma doses. 

The ^LiF dosimeters were annealed before each 
measurement in a pre-heated oven maintained at 
300°C for 4 hr, and then transferred to another pre- 
heated oven at SOX for 24 hr and then left to cool 
gradually. The annealing time and procedure were 
systematically repeated every time. The response of the 
dosimeters was measured using a TLD read-out 
instrument model Teledyne Isotopes-7300. Before 
®nch measurement, the system was calibrated using 
C standard source. 

Each measurement was repeated at least twice to 
reduce statistical uncertainties and to guard against the 
rrctuation of the reactor power. The accuracy of the 

nreasurements was within ± 11 %. 

^ Results and Discussion 

n the present investigation, the differential *dose 
r^te ratio was taken as the ratio between the scattere 
dose rate Dq at the front face of the neutral beam 
soe rate at the front face of the neutral beam 
'njector duct at its centre position. Fig. 2 shows t e 
^nation of both and the duct radius r as a function 
° scattering angle 0^ (in degrees), along the 



Fig. 2 -Angular gamma dose rate distribution as a function of 
scattering angle 0 , 


,endicular direction of the NBID axis in the form 

sodose curves. . .. u „ 

ie. 2 reveals that the total dose intensity has a 
nounced maximum when B, = 0. The isodose curves 
, show that the doses decrease with the Jncmase of 
scattering angle B,. This decrease is faster for 
ctor ducts of diameters 5.8 and 2.9 cm compared to 
j with a diameter of 10 cm. This may be attnbuted 
[he fact that in the last case, the neutral beam 
ctor duct behaves as a straight duct of diameter 10 

Tom Fig. 2 one can see also that the total dose at 
' angle has higher values at larger injector 
metere. It is well known that the total dose consists 
inly of components of unscattered dose streaming 
•.ctlv as well as the albedo dose scattered and 
ected at the duct walls and inside the shield. 
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Consequently, one could expect that the value of dose 
albedo would increase with the decrease of the injector 
diameter which, in turn, affects the total dose value at 
the end of the concrete shield. 

Raso^'^ and Haggmark et a/.“ have calculated the 
differential dose of the back-scattered rays, using a 
semi-infinite medium of concrete. They used the 
following formula in their calculations: 

...d) 

where A^(Q) is the differential dose rate ratio; the 
effective detection solid angle; Dq the incident dose rate 
at the centre of the slab, and the detected dose rate. 

Eq. (1) can be transformed to: 

A,{iT)Q^ = ^ ...( 2 ) 



Scattering angle (Radons ) 
l ig. 3— Variation of parameter /< as a function of scattering angle 


Raso^’^ as well as Haggmerk et tried to find a 
relation between and the scattering angle 0^. 

They found that all the data points for both the same 
source energy and incident angle (Sq) could be fitted in 
a single smooth curve so that an empirical formula in 
the following form could be derived : 

A^(^ = Aexp{ — m6^ + b •••(3) 


where c, m, b are constants to be evaluated for each set 
of the data. 

In the present study, it was found that formula (3) 
was not able to reproduce the experimental data. This 
may be attributed to the differences in the geometrical 
factors (source, geometry, type of shield) applied in the 
present study. The best fit for the experimental data for 
the geometry used in the present study was obtained 
with the following modified formula : 


Aa(^Cl^ = GA exp (—m9^ + b 

f Lq y ri„j 

{Lq + LJ Tnb 


G = 


...(4) 

...(5) 


where Lq = the channel length = 375 cm, L = the 
neutral beam length -f the injector duct length = 80 
+ 40 = 120 cm, Tinj = the injector duct radius = 5, 2.9 
or 1.45 cm, Tnb = the neutral beam radius = 5 cm, A 



Fig. 4— Comparison of experimental and calculated dirfercntial 
gamma-dose ratios {DJDa) 
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= the function of scattering angle and duct radius as 
seen in Fig. 3; m = tc (according to Ref. 11), and h a 
function of source energy E, incident angle and the 
type of shielding material. 

The parameters Lq, L, r^B and m were kept as 
constants throughout the calculations. The value of rjnj 
was 145, 2.9 or 5 cm depending on the duct used. 
Attempts were made to obtain the best value of the 
parameter b which fits the present experimental data. 
For the case, = ri„j (straight duct) 

6 = 6.471 X 10 -3 03 8.333 x 10 ...(6) 


For the case rinj < 


b = (l.9n X 10 -3 -f 1.101 X 10 -3 ^^0s 


4 - 


^1.08 X 10-3-5.1035x10 



...(7) 


By substituting the values of the relevant parameters in 
formula (4), a good agreement was obtained between 
the experimental and calculated differential gamma 
dose ratio as shown in Fig. 4. 
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The performance of an optical system employing different combinations of right and left partial circular polarizers in 
the two zones of the optical system illuminated with partially polarized light, hasbeen investigated by makinguse of coher- 
ency matrix approach. The effects of the degree of polarization, polarization form of the incident illuminating beam and 
relative size of the two zones on the performance of the optical system, have also been taken into account. 


1 Introduction 

In the previous paper \ the effect of using linear 
polarization masks placed at different orientations on 
different zones of the optical system has been investi- 
gated. It has been shown that by suitably choosing the 
state of polarization of tlie incident beam and the 
orientation of the polarization masks, the perform- 
ance of the optical system can be effectively modified 
for desired roles. In the present investigation, we 
study the effect of using circular polarization masks in 
two zones of the optical system, illustrated in Fig. 1. 
By employing partial circular polarizers Pj and Pz, 
having relative attenuation ratios a, and 02 , in the two 
zones of the optical system, it becomes possible to 
have relatively different pupil transmissions in the 
two zones and hence modification in the imaging 
characteristics can be achieved. Further, we consider 
analyzer also of partial circular type having attenua- 
tion ratio a for further modifying the imaging charac- 
teristics. 

We study in this paper the image intensity distribu- 
tions of an optical system having two partial circular 
polarizers in terms of propagation of partially pola- 
rized light through non-depolarizing optical system 
using coherency matrix formation. We have consid- 
ered three different combinations of partial circular 
polarizers, i.e. right circular, left circular and also right 
and left circular combinations. Besides image intens- 
ity distributions, the degree of polarization and 
polarization form 0o (azimuth angle) and ^ii(ellipticity 
angle) of the output beam in the image plane, have also 
been worked out. The effect of degree of polarization 
P'and polarization form ff and c'ofthe incident beam 
which characterizes a beam of partially polarized 
light, relatve size of the two zones eand relative atten- 
uation of the analyzer a on the image intensity distrib- 
utions. have been taken into consideration. 


2 Theory 

In this section we give the derivation of the results of 
the point image intensity distribution of the optical 
system masked by two circular polarizers Pi and P 2 in 
the central and outer zones when the incidentbeam is 
partially polarized. Consider this optical system di- 
vided into two zones in which radius ( /?) of the full cir- 
cular aperture is unity and radius of the central zone is 
i?i = e. The general layout of the optical system di- 
vided into two zones and various coordinate axes used 
are shown in Fig. 1 and are the same as in our earlier 
paper*. 

To deal with the propagation of partially polarized 
light through polarizing optical system, coherency 
matrix formulation has been employed with the state 
of polarization represented by coherency matrix J' 




Fig. 1— Schematic diagram of two-zoncs system and optical 
coordinates system 
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and optical system by its Jones matrix P. The 
coherency matrix J° of the emergent beam is ob- 
tained by matrix multiplication 

J°=PJ'Pj ...(1) 

where J' represents the coherency matrix of the inci- 
dent beam. The coherency matrix J' is defined as. 

J' = {ExEj) 

^ '(E,E^ (£,£;>■ 


•'XX 

•'xy 


1 


...( 2 ) 


where E t is the Hermetian conjugate of E and is the 
row matrix. The angle brackets denote statistical av- 
eraging. The coherency matrix of partially polarized 
incident beam having intensity unity, azimuth 6' and 
ellipticity e' and degree of polarization P' may be ex- 
pressed as^ 


coshyE,, -isinhyEy 
isinh yE,, + cosh ~Ey 


EI = P2E= 


cosh ^E^ 
2 

isinh E. 
2 


-isinhyEj. 

+cosh~Ey 


...(5) 


Now we find out the Jones vector contributions 
Ej and Ef in the Fraunhofer diffraction plane. These 
are related in the following way^; 



and 


1 (1 + P'cos20’cos2£') P'(sm20'cos2e' — isin2e') 

2 P'(sin20'sm2e' + isin2£') (1 — P'cos 20'cos 2£') 

...(3) 

Now we derive the results of the image intensity dis- 
tributions for the three combinations one by one. 


2.1 Right Circular Combination (RCP) 

The polarizers Pi and P 2 of the right circular type 
having relative attenuation ratios and Oj ^replaced 
in the central and outer zones. The Jones matrix of the 
right circular type is expressed as^ 


P= 


cosh^ 

■ . , ct 
+ ismh — 
2 


- isinh X 
2 

cosh^ 


...{4) 


where a represents the relative attenuation of the 
particil polarizer. 

The incident beam on falling upon the optical sys- 
tem is differently modified in the two zones and let the 
corresponding Jones vectors be represented by E^ 
and Ef in the central and outer zones. Eq. (4) repre- 
sents the corresponding Jones matrices for Pj and P^ 
when ais replaced by a, and 02 respectively. Now the 
expressions for Ef and Ef can be expressed as: 


cosh 

• • 

— isrnh-— 


Ex 

2 

2 

X 


isinh ^ 

cosh-— 


E. 

2 

2 


- 



...( 6 ) 


where vis defined as {27tfk){r/f) with r = 
being the focal length of the system and Ej = e is the 
radius of the central zone. Ji(v) and Jj{v£) represent 
Bessel functions of the first order. 

The expressions for total coherency matrix 7 in 
the Fraunhofer diffraction plane may be expressed as 

f = {{E^,^E\)x{E\ + El)f) 

= Jn + Jn + Jn^J2i 


where 

J^={EtxE^:) ...{!) 

If analyzer is also placed in the image plane, the 
coherency matrix is given by^ 


where ErepresentstheJones matrix of theanalyzer of 
the right circular type represented by Eq. (4). Now we 
w'ork out the expressions for 7f„ 7^2, Jn and 7^,. 7f, 
can be expressed as 


7i1 = (E?xEr) 

= {E\xE\')-^e 


27f(v£) 


£r=AE= 


...(9) 
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After substituting the values of E\ from Eq. (5) into Eq. (9), we get 


7^ = 
*'11 


2 


cosh' 


+ 7yy sinh^^ 


. . . , ct, , a, 
+ J„ isinh — cosh — 
2 2 


+ /_ -isinh— cosh ^ 
^ 2 2 


J„|-isinhYCOsh y| 


01 tti 

+ - isinh —cosh — 

2 2 , 


+ 7, 


xy 


- sinh^ ^ 


+ 7yJcosh^ Y 


7„( — isinh —cosh — 
\ 2 2 , 


T . . , «1 , «! 

+ 7™ — isinh —cosh — 
\ 2 2 , 


+ 7„ cosh' 

2 


+ 7v, — sinh' — 
^ 2 


7„| sinh' ^ 


+ 7 cosh'^ 

\ 2 y 


. . . , «i , ai 

+ 7„ isinh —cosh — 
2 2 i 


+ 7v,i — isinh ^cosh ^ 

\ 2 2 i 


X £' 


2 -'l(i’c) 
■ 1/^ 


...{9a) 


Similarly, we can obtain the values of 7^2> •'22 7^1 by substituting the values of and into Eqs(6 ) and 
(7). Now we work out the expressions for 7 “j, 7^2> -'ll 712. By substituting the values of sub-coherency ma- 
trices of into Eq. (8) we get, after simplification: 


cosh 


2(a+a,) 


/a s= 

II 




+ 


+ J, 




Si„h=t2±ii!l 


i,i„h(S±2!lccsh<.^ 


. . , (a + a,) , {a + a^) 

■ ismh — - — cosh 


. . , (a+ a,) , (a + a,) 

— isinh — - — cosh 


+ 7, 


>7 


. . ^{a + a^) , (a + a,) 

- isinh ^cosh ^ 


+ 7, 


xy 


cosh' 


(a-t- a,) 


+ jyx 


■ sinh 


.(a + a,) 


— Conid. 
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•^11“ J%x isinh — - — cosh 


(a + ai) , (a+ai) 

— - — cosh 

2 2 


sinh 


2 (a + ai) 


, , . . , (a+ a,) , (a+ a,) 

+ /vv isinh — - — cosh 

^2 2 


, , , 2 (a+ai) 

+ Jyy cosh 


Jlive) 


. , . , 2 (a+ai) 

+ J^ -sinh — - — 


. , . . , (a+ai) , (a+tti) 

+ ismh — - — cosh 

2 2 


. , , 2 («+ai) 

+ /yx cosh — - — 


. . ^ (a + tti) , (a+tti) 
+ /vx — isinh — - — cosh — - — 
2 2 


, ,(a+ai) ..(a+aa) 

cosh — - — cosh 

2 2 


2 2 


. , . , (a+aj) . , (a+az) 

+ J^ smh — - — sinh — - — 
^2 2 


, , . . , (a+ ai) , (a+ az) 
+ Jyy ismh — ~ — cosh — ^ — 


^22 


, (a+Oi , ( 0 + 02 ) 
+ /„ cosh — - — cosh — - — 
^2 2 


. , (a+oi) (a + 02 ) 

+ L. — sinh cosh 

2 2 


, . , (a + a.) . , (0+02) 

+ Jyx — smh -smh 

2 2 


, . . , (a + oti) , (a+az) 

y„ ismh — - — cosh — - — 


, (a + a,) . , (a+ 02 ) 
Jxx smh — - — smh — - — 


+ 4 , icch^^inh^^’ 


. , (ct + a,) ^ (a+az) 

+ Jyy cosh — cosh — ^ 


+ Xv - sinh 


. ^ (a+ a,) . ^ (a + 02) 


. . . . , (a + ct,) , (0 + 02) 

+ y,v ismh cosh 

^2 2 


, , , (a + a,) , (a + Cj) 

+ Jy^ cosh — - — cosh — - — 


. , (a + a,) . , (a + 02) 

+ y„ — icosh smh 

^22 


...( 10 ) 


X £ X £- £ 

V V V 


y,(vf)jy,{v) y,(v£) 


...( 11 ) 
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The expressions for can be obtained from J\2 by interchanging and 02 in Eq. ( 11 ). Further, the 
expressions for J\2 can be written as: 



j 

..,(0 + 02) , (0 + 02) 

ismh cosh 

2 


2 2 


+ 1 


yy 


+ 7 , 


xy 


+ X 


yx 




. . , (a + aj) , (a +02) 

isinh cosh 

2 2 


. . , (a+Oz) , (a + 02) 
— ismh — - — cosh 


= 

•>21 


+ 1 


yy 


+ J, 


xy 


..,(« + “2) . {«+ az) 

isinh ^ — — ^cosh ^ — - — 
2 2 




+ 1 


yx 


cosh 


(« + a 2 ) 


+ 7 , 


yy 


. . , (0+02) , (0 + 02) 

— ismh cosh 

2 2 


+ 7 , 


xy 


cosh 


(a +02) 


+ 7 v 


yx 




..,(0+02) , (a+02) 

ismh „ cosh 

J 

. .2 (a + 02) 

smh 

2 2 


2 


+x 


yy 


2(0 + 02) 


+ 7 , 


xy 


+ 7 , 


yx 


cosh 


. . , (0+ 02) , (0 + 02) 

ismh ^ — — -^cosh ^ — - — 


. . , (0 + 02) , (0 + 02) 

— ismh — cosh — 


7 i(v) 7,(v£) 

e 

V V 


...( 12 ) 


The expression for the intensity distribution can be obtained by taking the trace of the matrix 7 ''. After substi- 
tuting the values of 7 ^,, J^y and Jy^ from Eq. ( 3 ) we get: 


/ 1 (v, 0 ) = 


z-fiive) 


cosh (o + Oi) + 7 ’'sin 2 £'sinh (a + o,)|£" — 


+ jcosh (o + 02) + P'sin 2 £'sinh (o + 02)! x 


+ 2 1 cosh a + 


cti + otzl , . „ , . , ( Oi + oJ 

— r — + P sm 2 e smh o + = 


X c X AM _^J, ive) 

I >' / I »' V 


...(13) 
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The expressions for 0o, of the output beam 

in terms of coherency matrix elements J\i, J 22 , Jn 
and J |i may be expressed as^ 


On = rtan 


J 22 I 

1/2 


Pn= 1- 


and 


Vn- 

4det7'‘ 


a\2 


(Tr7'‘)' 


^0 = rsin 


-1 


-^ 21 ) 


(/ii + J22)Pq 


...(14) 


After substituting the values of J\i, J\\, J 22 J ]2 

into Eq. (14) for azimuth angle 6q , we get 


On = rtan 


1 


-1 


sin 2^'cos 2£* 
cos 20'cos 2e' 


= ^tan ” ‘[tan 2ff] = 0' 


...(15) 


i.e. azimuth of the output beam is unchanged. 

Next we work out the expression for P^. In 
order to evaluate Pq we have to work out the value of 
det. P. After simplification, the value of det. P comes 
out to be; 


det. r=\{l-P'") 
4 


Jiiv) , ^ 2 JKve)\ 


-+2s^ 




X 


\j^v) , , 2J^ve) 




■+2e" 






P= 


cosh^ 

2 

— isinh-^ 
2 


+ isinh — 
2 


cosh 


a 


...( 17 ) 


For polarizers Pj and P 2 , we have a = Uj and a = 02 . 
Proceeding on similar lines as in Sec. 2.1, we get ex- 
pressions for and Ef in the following form: 


E\ = P,E = 


EI = P2E = 


cosh 


Ol 


£, +isinh 


F 

2 


L 


-isinh -y £^ + cosh ~ E^ 


cosh 
— isinh 


£, + isinh 
2 * 

E, + cosh 

2 


r- 

E 

2 


...(18) 

On comparing Eqs (5) and (18), we observe that i 
has been replaced by — i. By proceeding on similar 
lines, the values of coherency matrix elements 7f j , y^ 2 > 
/12 and remain the same except that i has been re- 
placed by -i as compared to RCP combination 
[Eq.(9a)]. 

If analyzer of left circular type is employed in the 
image plane, the resulting coherency matrix is given 
byEq. (8), as 

r=pj^p\ 

where P now represents the Jones matrix of the ana- 
lyzer of left circular type represented by Eq. (17). By 
proceeding on similar lines as in Sec 2. 1 , we work out 
the expressions for Jf,, 7?2> ^nd /?,. 

By taking the trace of the matrix we get the ex- 
pression for image intensity distribution in the follow- 
ing simplified form: 








.(16) B[v,B) = 


Knowing the values of det. P and Tr. P, the value of Pp 
can be worked out. After putting the values of 
{P \2 ~ J 2 i)^^^{Jn + J22)inEq.(14)for£'o,wecanfind 
out its value. 

2.2 Lett Circular Combination (LCP) 

In this case, ovo polarizers P, and Pj of left circular 
type are placed in the central and outer zones. The left 
circular polarizer in the form of Jones matrix can be 
expressed as- 


[cosh (a + Cl) — P'sin 2£'sinh (a + Oi)} 

27i'(v£) 


X £ 


■ + |cosh(a + an) 


— P'sin 2£'sinh (a + an)} 


+ 2icosh a + 


a, + an] 
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- P'sin 2£'sinh |a + ^ | 


1 7i(v£) 

7i(v) 7 i(v£)\1 

r V 

tv ' V jjj 


...(19) 


Theexpressions for P q, 6q and e' are worked out on 
similar lines as in the case of the RCP combination. 

2.3 Right and Left Circular Combination (RLCP) 

The two polarizers Pj and Pj placed in the central 
and outer zone can be represented as: 


{B{v,e)= 


{cosh (a + ai) + P'sin2£'sinh(a+ aj)f 

X {cosh (a + 02 ) — P'sin 2e'sinh (a + 02 )} 
+ 2|cosh|a+ 2 ~ ) 


+ P'sin 2e'sinh 



Oi — 02 I 


P.= 


cosh 


Ol 


isinh-^ 

2 


— isinh^ 
2 

u “1 
cosh — 

2 


and 


P2 = 


u “2 

cosh — 

2 

-isinh — 
2 


+ ismh — 
2 

u “2 

cosh — 

2 


...( 20 ) 


We get the following expressions for and Pf: 


£r= 


cosh 


isinh ^E. 
2 


— isinh 

2 

+ cosh ^Py 
2 ^ 



...( 22 ) 


After substituting the values of 7fi, Jlj, J 22 and 7|, 
into Eq. ( 14) for azimuth angle ^o> we get: 

- 1 _i sin20'cos2£' 

eo=Ttan 

2 [cos 20' cos 2e' 

I 

= -tan ”*[tan 20'] = 0' 

i.e. azimuth angle in the image plane is unchanged. 
Knowing the values of det. 7 “and Tr. 7“, the value of Pq 
has been worked out. Putting the value of Pq and 
(7 i2 — 72i), (7ij + 7 I 2 ) in Eq. ( 14) we can work out the 
value of £ 0 - 

Proceeding on similar lines, we have derived the re- 
sults of the optical system masked by Pj of left circular 
type and P 2 of right circular type placed into central 
and outer zone respectively. 


and 


E^2 = 


By proceedingon similar lines as in sections 2.1 and 
2.2, the expressions for7^, , 7^2, 7^2 ^nd 7^1 are worked 
out. If analyzer of the right circular type ‘P’ is also 
placed in the image plane, the new coherency matrix is 
given by Eq.{8). 

Making use of Eq. (8) and expressions for 7^j, 7^2> 
J'l 2 and 721, we work out the expressions for the sub^- 
cohcrency matrices 7^,, 7^2, 7^2 and .^ 21 - 
The intensity distribution in the image plane has 
been obtained by taking trace of coherency matrix 7" 
and after simplification we get: 


cosh ^P, 


-isinh ^P, 


+ isinh ^Ey 
+ cosh ^Ey 


...( 21 ) 


3 Results and Discussion 

We have computed the image intensity distribu- 
tions of an optical system masked by two polarizers Pj 
and P 2 of circular type. A circular polarizer may con- 
sist of combination of a linear polarizer whose trans- 
mission axis is at some azimuth 0, and a 90 linear re- 
tarder whose transmission axis is at azimuth 0 ± 45°. 
Such a combination produces circularly polarized 
light and may be of either handedness depending on 
whether the retarder is oriented at 0-t- 45° or 0 - 45° 
(Ref. 4). The common type of circular polarizer is the 
CP-HN-35 polarizer, which consists of a sheet of HN- 
35 and a sheet of stretched polyvinyl alcohoP. 

In case of linear polarizers, by changing the orient- 
ations of the masks we get different contributions to 
the diffraction pattern. However, there is no similar 
parameter in the case of ideal circular polarizer. 
Therefore, for the apodization role we have to resort 
to partial circular polarizers. These have orthogonal 
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V 

Fig. 2— Plot of image intensity distribution for right circular Fig. 3— Plot of image mtensity distribution for RCP combina- 

polarizer (RCP) combination at a = 5, a, = 10 and Cj = 15 and tion at P' = 0.5, e’ = jr/12, £ = 0.6, a = 5, 02 = 10 and for differ- 

for different values of P' and s' ent values of a, . 




Fig. 4— Image intensity distribution for RCP combination at 
P =0.5, e'= n/ 12, e= 0.6, a = 5, a, = lOandfordifferent values 

of a. 



I'O *-0 3-0 *-0 S-0 &0 T'O 8-0 »-0 lO-O 

V 


Fig. 5— Plot of image intensity distribution for RCP combi- 
nation at a= 5, a, = 10, Oj = 15,P' = 0.50,£'= ;r/12 and for dif- 
ferent values of a 


circular eigen-polarizations X\, Xh associated ei- 
gen-values U, = and VJ, = that are real 

and positive. The subscripts 1 and h refer to low and 
high absorption eigen-polarizations respectively and a 
defines the relative attenuation of the partial polariz- 
er. 

Three different combinations of right, right; left, 
left; and right and left circular types havebeen consid- 
ered. The computations have been rrtade for different 
attenuation ratios a, and 02 of two polarizers Pj and 
Pj, and relative sizes of the two zones. The effect of 
varying the attenuation ratio a ofthe analyzer has also 
been studied. 


3.1 RCP Combination 

Figs 2-6 represent the results obtained in case of 
right circular polarizer (RCP) combination. Fig. 2 
shows the plot of image intensity distribution for dif- 
ferent values of ellipticity angle e' and degree of polari- 
zation P \ It is to be noticed that normalized image in- 
tensity distributions remain the same with variation of 
e and P'. From the computed results it is observed 
that for fixed values of P', there is change in the abso- 
lute intensity distribution and it is maximum for circu- 
larly polarized light illumination ( e' = jr/4) as expect- 
ed. 

Fig. 3 shows the image intensity distribution for 
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Fig. 6 — Plot of image intensity distribution for RCP com- 
bination at P'= 0.5, e'= ji/12, a = 5, a, = 10, 03 = 5 for differ- 
ent values of £ 



Fig. 8 — Plot of image intensity distribution of RLCP combina- 
tion at P' = 0.50, £'= ji/12, £= 0.60, a, = 10, a= 5 for different 
values of a, 

different values ofattenuation ratio a, of polarizer P,. 
It is observed that as the value of a, increases, the cen- 
tral maximum is broadened and secondary maxima 
become less prominent as compared to an ordinary 
optical system. We can, therefore, say that higher va- 
lues ofcj are preferable for increasing the contrast in 
the resolved details. Fig. 4 shows the image intensity 
distribution plot with variation of a, of polarizer P, in 
the second zone. It is obser\’ed that higher values of a^ 
are favourable for increasing the nvo-point resolution 
as compared to an ordinaiy optical system. Fig. 5 rep- 


0 « 

0-t 





V 


Fig. 7— Plot of images for right and left circular polarizer 
combination (RLCP) at a= 5, a, = 10, Oi = 15, £'=0.6 for 
different values of P' and £' 



Fig. 9— Plot of image intensity distribution for RLCP combina- 
tion at P'= 0.50, £’= ;r/12, £=0.60, a, = 10, a- 5 for different 
values of a. 


resents the plot similar to those in Figs 2-4 with varia- 
tion of analyzer attenuation ratio a. From the comput- 
ed results it is noticed that with variation of a, the nor- 
malized intensity distribution remains the same; how- 
ever, the absolute intensity increases with a. 

The plots of image intensity distribution with 
change in relative size of the two zones are presented in 
Fig. 6. It is observed that as the radius of the central 
zone € is increased from 0.40 to 0.60 and 0.60 to 
0.775, the central maximum is sharpened with slight 
increase in energy into the secondary' maxima. Thus, 
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Fig. 10— Plot of image intensity distribution of RLCP combi- 
nation at P' = 0.5, £' = jr/12, a = 5, a, = 10, a, = 5 for different 
values off 


there is an increase in two-point resolution with slight 
decrease in contrast in the images as compared to un- 
obstructed optical system (s= 0.0). Besides the image 
intensity distributions, Band Bq ^^ve also been 

worked out. Pq approaches unity when large values of 
Cj, 02 and a are used. Further, the value of fo comes 
out to be 7t/A which means right circularly polarized 
light as expected. The value of azimuth angle 6^ is not 
dependent on any of the factors under consideration. 

3.2 LCP Combination 

Now we discuss the results obtained when left cir- 
cular polarizer (LCP) combination is employed.The 
normalized intensity distribution comes out exactly 
the same as obtained in the case of RCP combination. 
Therefore, the same results are valid here also. Fur- 
ther, the absolute intensity distribution is also the 
same if incident illumination is left elliptically polar- 
ized as compared to the case of RCP combination 
when the incident illumination is right elliptically po- 
larized. 

3.3 RLCP Combination 

In this subsection, we discuss the results obtained in 


the case of right and left circular polarizer (RLCP) 
combination. Fig. 7 shows theplot with variation of P' 
and E. It is found that normalized image intensity dis- 
tribution does not change v.ith variation of F' as well 
as e'.Fig. 8 represents the plot with variation of atten- 
uation ratio Cl of the polarizer Pj. With an increase in 
the value of a^, central maximum is broadened and 
secondary maximum is sharpened. Fig. 9 represents 
the variation with Cj.Itis observed that as the value of 
ttj is increased, the central maximu m is sharpened 
and energy is shifted into secondary maxima. The plot 
of the results with variation of £ is shown in Fig. 10. 
The trend of the results observed is the same as no- 
ticed in Fig. 6. 

4 Conclusions 

From the results of the image intensity distribution 
obtained for three different combinations of polariz- 
ers, it may be concluded that the performance of the 
polarizing optical system can be modified by chang- 
ing the attenuation ratios Oj, a, and a. The perform- 
ance also depends upon the relative size of the two 
zones. However, the performance is not affected by 
P', ff and EW'hich is not so in the case of linear polari- 
zation masks. The results obtained in case of right cir- 
cular polarizer combination also remain valid for left 
circular combination. 

The polarizing optical system masked with circular 
polarizers having large value of a j and small values of 
02 and moderate values of £, is favourable for increas- 
ing the contrast in the resolved details as compared to 
an ordinary optical system. On the other hand, thepo- 
larizing optical system having small values of Oj , large 
values of 02 and relatively large values of £, is prefer- 
able for increasing the t\vo-point resolution in the im- 
ages as compared to an ordinary optical system. 
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Expressions for the dielectric constant, microwave absorption. Curie temperature, ultrasonic attenuation constant and 
velocity change in ferroelectric solids having general formula ABO, are obtained by using Green’s function technique and 
the model Hamiltonian which includes anharmonicity up to fourth order due to interactions of the soft mode coordinates. 
The linear frequency dependences of loss tangent and attenuation constant have also been discussed. The soft mode fre- 
quency is held responsible for the anomalous behaviour of the ferroelectrics at the stage when T approaches 7^. 


Introduction 

It is now revealed both experimentally and theoret- 
ically that the soft or ferroelectric mode plays an es- 
sential role in the perovskite compounds. Number of 
reviews are available in the literature' and refer- 
ences therein are quite numerous. Also details of work 
on ultrasonic proagation in displacive ferroelectrics 
are available in the literature®’''*. We'^ have previously 
obtained expressions for microwave absorption, Cu- 
rie temperature, dielectric constant, ultrasonic atten- 
uation constant and velocity change in displacive fer- 
roelectrics using Silverman-Joseph Hamiltonian'® 
and the Green’s function technique'’. 

Recently, a calculation based on a model Hamilto- 
nian containing a small number of temperature-inde- 
pendent parameters was able to give a quantitative 
description of the structural transition in the perovs- 
kites'®. This transition involves rotations of octahe- 
dral units. The soft mode damping at a displacive 
phase transition has also been calculated'® with the 
help of a model Hamiltonian constructed by expend- 
ing the potential energy of the strained crystal in terms 
of the strain and the oxygen ion displacement field. 
The aim of the present paper is to obtain the expres- 
sions for the complex dielectric constant, microwave 
absorption. Curie temperature, ultrasonic attenua- 
tion constant and velocity change in ferroelectric sol- 
ids having general formula ABO3, by using Green’s 
function technique'’ and the Dyson’s equation treat- 
ment in presence of higher order anharmonic, reso- 
nant interaction and scattering terms in the model 
Hamiltonian, in the tetragonal phase. 

Here Dyson’s equation treatment has been found 
convenient to derive the shift and width of the fre- 
quency response function and hence to describe the 
properties of these ferroelectrics. 


2 Hamiltonian and Green’s Functions 
The Hamiltonian which includes the fourth order 
anharmonicity due to interactions of the soft mode 
coordinates resonant interaction and the scattering 
terms can be written as: 

X ^ 

+ b;b;) 

+(ri/4)i;A"V)-b (r'z/z) Y.a°^i)aUi) 

X Xi'X' 

lyAimun 

^ wit 

+ iAY. FA”(g)A"(gR - q) 

Xl*9 

-b I HA;{q)Al{-k)AUk- q) ...(1) 

kq\'K'\i 

with 

r, = r,/((o?co,”)',r'2 = 

V= 

F = />.(li9)/(<.co”)' 
and 

H = h),y{\ikq)/{(al(al(j)x-f 

The notations used in Eq. ( 1 ) are the same as in Ref. 
18, 19, except the normal coordinates Qand its con- 
jugate momenta P are transformed to the form of 
Bose operators. 
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The real part of the dielectric consant and micro- 
wave loss tangent^® (tan 8) are related to the soft phon- 
on Green’s function 

G((o + iE) = 


xX(A^±N“)[6(o>-<±Q) 

± 

- 8((o + co^ ± Q )] 



= G'(oj)-iG'(oj) ...(2) 

ase'(ca) - 1= -8jt^Ms(0)G'(a)) ...(3) 

and tan8 = G'lco)/ G'(a)) •••(4) 

Writing the equation of motion for the Green’s func- 
tion (2) with the help of this Hamiltonian ( 1 ), Fourier 
transforming and writing it in the Dyson’s equation 
form, one obtains 


We also introduce the following Green’s function^^ 
for the acoustic phonons, 

D(to)= > ...(8) 

writting the equation of motion for the Green’s func- 
tion (8) with the help of the Hamiltonian (1), Fourier 
transforming and writing it in the Dyson’s equation 
from^^, one obtains 

D(co+i£)= + ir®(o))] •••(9) 


where 

G(co + iE) = to”/ji[(o^ - ^^(co) -i- irV)] ••• (5a) 

(«m) = + 

where 0)^(0)) = (cox)^ + A® (co) ... ( 5 b) 

with (d>x")' = - WxV . . . (5c) («Mf = ("M)' + 2i>lto,“|F| 


.. ( 10 ) 
...( 11 ) 


and 

A‘’(to) = Reo)x 


Il 2 (r', )'[(l+(3A^xT] 

a 


X 


3Q 


co^-{3Qf 


+ 1' 


a 


18(r'a f m 


2Q 

(0^ - {2Qf 


Q 


- 64A^ \Fy /Vx,.2 


2Q 


+ 32 I iHf 

A'^X/t 


X,, w^-{2Qr 


(bl±Q 


co^ — (a)“ ± Q ) 


...( 6 ) 


r” ((o)=jt(jox 


l6[r',)' [{l+{3Nlfm(o-3Q) 


IX 


-6(a) + 3Q)]-(l -(KfMw-Q) 


— 6(co + D )] 


+l9(r'2)'/^;;[&(w-2Q) 


j a 


-6(u) + 2Q )]-32A' Ito“|H|W 




x/v))[6((o-2Q)-6(a) + 2Q)]+16 I IH]' 

ti/i.fi 


A»(0))= 32<o; I IHlX-r— 7^ ...(12) 

Xhug ~ J 

and 

AO(co)= 16 jta)“ S |HlX 

X [6(a)-2Q ) “ 6(co + 2£2)] ...(13) 

vrith 

Nl = coiti{nQ/2k^T) and 
n; = coth(^ 0)^72 T). 


3 Curie Temperature 

The real part of the complex dielectric constant in 
Eq. (3) now takes the form 


- 8]TM^a>°[co^-'»^(co)] 
[co'-u'(a))f + [nco)F 


...(14) 


In the presence of anharmonicity, resonant interac- 
tion and scattering terms, the real part of the Green’s 
function given by Eq. (5a) gives temperature-depend- 
ent frequency Q ( T ) as the self-consistent solution of 
the equation: 

= -((o«)’--oo^V + A“(Q) ...(15) 

where A"(ti)) is given by Eq. (6). Hence by comparing 
Eqs ( 1 5 ) and (5b), one can approximate •u( w ) as Q; For 
a ferroelectric having cubic symmetry, the soft optical 
mode frequency Q is very high compared to the mic- 
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rowave frequency w, so that u( co ) ?> to and no relaxa- 
tion effects are observed. In paraelectrics, the value of 
z'{ ( 0 ) is very high compared to those in alkali halides, 
so that e' (to ) ^ 1. Also the temperature dependence 
ofu^ (to) can be written as'^ 

u"((o)=-K)^-(o”V+y. 7+Y2 r+YsT^ ...(16) 

where Y i , Y 2 the coefficients of Tand y 3 is that of 7^ 

in Eq. (5b). 

Here one can easily see that the soft optic mode fi-e- 
quency [Q ~ ( T- 7^)* ], which is imaginary (ici)“) in 
the harmonic approximation, is stablized in the pres- 
ence of anharmonicity, resonant interaction and scat- 
tering terms. The lowest order anharmonic interac- 
tion stabilizing Q, is thefourth order interaction. Thus 
the presence of these terms plays a fundamental role in 
'ferroelectric crystals because most of the physical 
properties of these crystals result from the tempera- 
ture dependence of the soft mode. Thus ft'om Eqs ( 14) 


and ( 16) we conclude that 

e'(a))= C/[7’-7^ + |7’'-<K/y] ...(17) 

where 

C= 83xM^(0) wJ/y ...(17a) 

r, = ((0 {)Vy ...(17b) 

and 

I = Y 3 /Y with Y = Yi + 73 ...(17c) 

Eq. ( 17) can be rewritten as 

e'((o) == C/[T- r, + |7^] ...(18) 

where 

r, = 7 ; + A( 7 ;) ...(19) 

with 

A(re)=<K/Y ...(20) 


Expression (20) shows that the change in the Curie 
temperature depends both on the resonant coupling 
coefficient and scattering coefficients via y which de- 
pends upon anharmonic force constants, scattering 
terms and the interaction coefficients, as evident from 
Eqs ( 17c) and ( 16). Clearly this is a combined effect of 
the resonant interaction and scattering processes in 
presenceofanharmonicity.Theshiftin theCurie tem- 
perature will depend on the relative magnitudes of the 
anharmonic, resonant interaction and scattering 
coupling coefficients and will have different signs for 
different crj'stals. 

4 Microwave Absorption 

For a crj'stal model considered here using Green’s 
function given by Eq. (5a) for microwave photons 


[(D < v(to)], we write the expression for loss tangent as 

tan6(a)) = — ^“(co)/^J^((o) . . . (21) 

r®(co)/ 2 u((o) corresponds to half-width associated 
with the damping of the soft ferroelectric optic mode 
frequency. From Eq. ( 16) we can write 

u'(a)) = Y(7’- n + |7^) ...(22) 

Hence 

y{T-T, + tan 6 = - r'’(to) 
or 

y{T-T, + 'zT^)ianb = bT+dt ...(23) 

where b and d are the coefficients of T and 'P terms in 
Eq. (7). Eq. (23) can also be rewritten as 

{T- + tznb = A+ BT+ D'f ...(24) 

where A = 0,B = b/y and D = d/y . . . (25) 

It follows ft'om Eq ( 24 ) that the microwave loss tan- 
gent strictly depends upon anharmonic, resonant in- 
teraction and scattering terms. The presence of these 
terms increases the loss tangent. On calculation, it can 
be seen that the coefficients B and D and hence tan 6 
vary linearly with frequency ( co ), in agreement with the 
previous results*®’'®'*®’^®. 

In our subsequent paper, we will show that the coef- 
ficient A is not zero in the case of the doped crystal. 
The deviation from the Curie-Weiss law at high tem- 
perature is characterized by the parameter | [Eq. 
(l7c)].In the vicinity of 7^, tan 6 increases anomalously 
and the soft mode frequency ( Q ) is responsible for 
this behaviour. 

5 Attenuation Constant 

The attenuation constant is given by® 

a(a)) = r‘’(to)/c ...(26) 

where the damping constant T ( “) is given by Eq. (13) 
and cis the sound velocity. Now it is evident from Eqs 
(26) and (13), that the presence of scattering terms and 
anharmonic and resonant interaction terms [via 
nI and hence Q, in Eq. ( 13) j increases the attenuation 
constant. The calculations show that the frequency 
dependence of a(a)) is linear. The dependence is in 
agreement with the previous results"^-^’-^^. From Eq. 
(13) it can be seen that in the high temperature limit, 
F'^co) ~ cT, besides the temperature dependence 
through renormalized frequencies; c, being the coeffi- 
cient of Tin Eq. ( 1 3 ). In presence of the stabilizing fac- 
tors, we approximate the strong temperature depend- 
ence of the soft optic mode frequency by 
Q cc( T~ Tc) ,ifthetemperatureisnotveryhigh.Thus 
taking this temperature variation of the soft mode fre- 
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quencyfor small values ofwavenumberSjthetempera- 
ture dependence of a( to ) can also be expressed as 

aM = {A,/c)[T/{T-T,Y'^] ...(27) 


where^^. Recently we have experimentally mea- 
sured^^ the dielectric constant, tangent loss, electrical 
conductivity and ultrasonic attenuation constant of 
BaTi 03 . 


where denotes the temperature-independent term 
inEq.(13). 

The expression (27) does not give the expliciLtem- 
perature dependence of a(to) because of the renor- 
malized effects. The renormalized frequencies of each 
phonon mode appearing in real and imaginary parts of 
polarization operation may produce some change in 
the temperature dependence. In the vicinity of the Cu- 
rie temperature 7^ ( 7^, becomes anomalously 
large and hence there are interactions of the low lying 
transverse optic modes with the longitudinal acoustic 
modes), the attenuation constant increases anomal- 
ously inagreement with the previous results^’^^’^*’^^. 
This anomalous increase can be attributed to the tem- 
perature dependence of the soft mode frequency. This 
is also shown experimentally by Heuter and Neu- 
haus’. The anharmonic, resonant interaction and 
scattering process giving rise to the sound attenuation 
can be seen by the 8 factors appearing in Eq. (13). 

6 Velocity Change 

The expression for the velocity change of sound 
^c( = (S“ - (D^)/|jt.) can be easily obtained with the 
help of Eqs (10)-(12) and can be discussed on the 
above grounds. In the vicinity of the Curie tempera- 
ture, the sound velocity decreases anomalously be- 
cause the ultrasonic frequencies (o will be smaller than 
the soft optic mode frequency Q in cubic ferroelec- 
trics (co Q ). The results are in agreement with previ- 
ous results®'^^'*^. Here the Dyson’s equation treatment 
has been found convenient to derive the shift and 
width of the frequency responsefunction and hence to 
describe the properties of these ferroelectrics. The 
treatment adopted here, leads one to see the compara- 
tive variation of dielectric and ultrasonic properties 
with the variation of the anharmonic, resonant inter- 
action and scattering terms. The qualitative depen- 
dences discussed here agree with previous experi- 
mental and theoretical results. The anomalous specif- 
ic heats of these crystals have been discussed else- 
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The electrical conductivity ( o) of polypropylene has been studied as a function of temperature and thickness of the sam- 
ple at different fixed voltages. From In a versus 1/7 plots, it is found that the conductivity is proportional to the exponential 
of inverseoftemperature.ThepIots have different slopesaboveandbelowthesoftening tempera ture(390K).Theobserved 
high value of activation energy at temperatures above 390 K indicates that conduction is intrinsic in this region while the low 
value of activation energy in the low temperature region indicates impurity conduction. Low values of activation energies 
( £ 1 eV )in both the regions indicate the predominance of electronic conduction. The conductivity of the polymer is found to 


increase with increasing sample thickness. 

1. Introduction 

The study of electrical conductivity of polymers 
sandwiched between metal eelctrodes has attracted 
many investigators particularly due to the discovery of 
memory phenomenon* in them and their possible use 
in thin film devices-. Polymers are now being extens- 
ively used as insulating and heat resistant materials. 
Thus, the study of their electrical properties becomes 
imperative. 

The conductivity of a dielectric may be either ionic 
or electronic or both. Experimentally, the ionic or 
electronic conductions are distinguished by measur- 
ing the activation energy. Low activation energy ^ 1 
eV corresponds to electronic current and high value'to 
ionic current. The conductivity varies due to different 
external conditions such as changing pressure, humid- 
ity, temperature, thickness of the sample, etc. 

The sample, polypropylene, is an organic polymer 
of industrial importance. We have studied the electri- 
cal conduction^ in the sample earlier. Observations on 
the hysteresis effect in the sample, the effects of pres- 
sure and electrode materials on conductivity have al- 
ready been reported. The present paper gives the tem- 
perature and thickness dependence of the electrical 
conductivity of the sample at fixed voltages. An at- 
tempt has been made to explain the results on thebasis 
of prevalent theories. 

2 Experimental Details 

A small amount of the sample was heated to melt 
and then pressed to uniform thickness. A piece of the 
sample thus prepared was placed on the lower elec- 
trode of the sample holder, the upper electrode having 


been attached to the leg of a spherometer-type ar- 
rangement. The whole assembly was then heated in an 
electric oven to make the sample soft and free of air 
bubbles. 

The stud of the spherometer was rotated to press 
the sample between the electrodes to required thick- 
ness. The electrodes were kept embedded in the bulk 
of the sample to avoid surface conduction. Thesample 
between the electrodes was kept short-circuited for 
about 24 hr to make it ready for observations. 

A high voltage dc unit and a resistance of 1 MQ 
were connected in series with the electrodes. A Phil- 
lips VTVM was connected across the 1 MQ resistor 
and the currents were calculated from the voltage 
drop across this resistor, taking into consideration the 
input resistances of the VTVM in different ranges. 
The sample holder with the sample was placed in a 
thermostat U-10 for maintaining a constant tempera- 
ture. The sample was heated for an hour to attain a par- 
ticular temperature. 

3 Results 

Figs 1-3 depict the Ino versus T ' ' plots for different 
sample thicknesses at different fixed applied voltages. 
The plots are almost linear, showing a change in the 
slope near about the softening temperature of the sam- 
ple (390 K). Thus, the curves may be divided into two 
regions; region I of high temperature (above 390 K) 
and region II of low temperature (below 390 K). 

The linear-nature of the plots in the two regions 
clearly shows that the conductivity is proportional to 
the exponential of inverse of temperature which, in 
general, applies to all organic solids. The activation 
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Fig. 1 — In 0 versus \/T plots for a sample of thickness 2 mm at dif- 
ferent voltages 



Fig.2 — Plot similarto Fig. 1 fora.sampleoflhickness 1 mm 


energies, calculated from slopes of the curves, are 
found to be greater in region I than in region n. How- 
ever, the values of these activation energies are small 
in both the regions, as shown in Table 1. 

4 Discussion 

The observed variation of a with T is due to the 
combined effect of change in conductivity with tem- 
perature and the nature of trap distribution in the sam- 
ple"*. OTIwyer^ has suggested the existence of numer- 
ous isolated shallow traps covering an energy range 
A Wbelow the continuum of free electron levels. Deep 
traps whose energy Wis between the conduction and 
valence levels also exist. At 0 K, aU the trapped elec- 
trons would be in deep traps, but at a finite tempera- 
ture and in presence of an applied field, some of these 
electrons can be excited into shallow traps or conduc- 



Fig. 3— Plot similarto Fig. 1 fora sample of thickness 0.5 mm 


Table 1— Values of Activation Energies ( W^) for Regions 
1 & II Calculated from Plots in Figs 1-3 


Thickness 

Applied 



voltage 

Region I 

Region II 

2 mm 

100 

0.652 

0.422 


400 

0.708 

0.429 


800 

0.556 

0.388 


1200 

0.739 

0.389 

1 mm 

100 

0.549 

0.439 


. 400 

0.546 

0.396 


800 

. 0.598 

0.417 


1200 

0.525 

0.416 

0.5 mm 

100 

0.516 

0.379 


400 

0.552 

0.312 


800 ■ 

0.539 

0.366 


1200 

0.525 

0.386 
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tion levels either thermally or due to action of applied 
field. These electrons then take part in conduction. 
The increase in temperature does not alter the total 
amount of space charge but, increases the fraction of 
this space charge in the conduction band, which in- 
creases exponentially with the inverse of absolute 
temperature. 

Thermal agitation gives rise to defects in the materi- 
al of the sample. Generally, in semiconductors or die- 
lectrics, the structure consists of a loose network with 
a large number of interstices that are only partly oc- 
cupied by ions. Conduction can take place by move- 
ment of ions from an occupied site to an unoccupied 
site. The activation energy involved in this process ex- 
hibits exponential dependence of conductivity on 
temperature. 

Thermodynamical calculations have shown that 
the defects increase with temperature at higher tem- 
peratures and are independent of temperature at low- 
er temperatures, because at higher temperatures addi- 
tional defects are created and at lower temperatures, 
they are frozen in. Hence, the conductivity variation 
with temperature may be divided into two regions: (I) 
pertaining to high temperature and (fl) pertaining to 
lower temperature. The In a versus T' * plots in the 
case of samples studied by us show a similar behav- 
iour. The plots (Figs 1-3) can be best expressed by the 
equation: 

o = >lexp(- W e/ZcT) ...(1) 

where >1 and Wg are two constants having different va- 
lues for the regions above and below the softening 
temperature of the sample. 

At high temperatures, the conductivity is mainly 
determined by the intrinsic defects. Hence the high 
temperature region is often called the intrinsic con- 
duction region. In the low temperature region, the 
curves slope more gently. This region is influenced by 
impurity conduction. The activation energies have 
been calculated from the curves using the relation: 

1Te=A'X slope ...(2) 

where Wg = activation energy and k= Boltzmann’s 
constant. The low values of activation energies ( < 1 
cV) as shown in Table 1 indicate the predominance of 
electronic conduction'’-^. 

The increase in the conductivity at higher tempera- 
tures may be due to the softening* of the sample. Be- 
cause of softening, the injected charge carriers can 
move more easily into the volume of the sample, giving 
rise to a large current and increase in conductivity at 
high temperature. 

According to Brown and Aftergut’' as well as to Sri- 
vastava and Agrawala"', the presence of two .slopes in 
In o versus V ' plots is an indication of impurities. The 


current in the impure semiconductor is due to two 
competing processes which act simultaneously. 

In the first process, an electron occupying an isolat- 
ed donor has a wavefunction located about the impur- 
ity and an energy slightly below the conduction band 
minimum. Because there is a small but finite overlap of 
the wavefunction of an electron of one donor with 
those of the neighbouring donors, a conduction pro- 
cess is possible in certain circumstances in which the 
electrons may move between centres by the tunneling 
effect without activation into the conduction band. 

The second process is responsible for the current 
usually observed and which is carried by electrons in 
the conduction band in thermal equilibration with 
electrons on donor impurities. This is called the im- 
purity conduction. 

Several other methods and models have been sug- 
gested by different investigators for the explanation of 
the temperature dependence of electrical conductiv- 
ity". 

For the polypropylene sample, the defect conduc- 
tion seems to be more appropriate. The sample, poly- 
propylene, is a polymer and its conductivity depends 
upon the presence of free-ions not connected chemi- 
cally with the macromolecules. The molecular chain 
proper does not participate in the transfer or electric 
charges. Thus, the conductivity of polymers largely 
depends upon the presence of low molecular impurit- 
ies tliat can serve as the source of ions. A similar view 
has been expressed by Chutia and Barua*^ in the case 
of polystyrene. 

The increase of electrical conductivity with in- 
creasing sample thickness may be explained as fol- 
lows. 



Fig. 4— Plot of conductivity (o) versus thickness (rf) of thcsampicat 

fixed temperatures and voltages 
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When the thickness grows, the number of charge 
carriers in the sample increases at a fixed electric field. 
Also, since the conductivity o = J/Ewhere J= current 
density and E= electric field = V/d, F= voltage appli- 
ed and d= thickness of the sample; we have 

o = J/E=J^V/d=Jd/V ...(3) 

Thus at constant temperature and applied voltage, a 
should increase with d. 

Again, as impurity conduction is supposed to dom- 
inate in the sample under study, the increase in the 
sample thickness is likely to enhance the impurity at- 
om concentration in the material. Hence the conduc- 
tivity will rise with increase in sample thickness, as is 
evident from Fig. 4. 
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The design, development and fabrication of an ultrasonic A-scan ophthalmoscope, using indigenous resources, are de- 
scribed. Characterization and calibration of such ophthalmic systems for the diagnosis of various eyeabnormalities like tu- 
mours, haemorrhages, trauma and foreign objects are also discussed. Clinical results obtained on in v/Vrogoat eyes and in 
I’/i’ohuman eyes are given. The ophthalmoscope developed will save foreign exchange, be cheaper than imported ones and 
easily portable. Both ocular and orbital examinations of the eye are possible with the present system. 


1 Introduction 

Ultrasound was first introduced into ophthalmol- 
ogy by Mundt and Hughes* in 1956. A-mode display 
was mainly used in different forms, manually or auto- 
matically--^, but in 1958, time-intensity, two-dimen- 
sional ultrasonography and B-scan, were developed'’ 
and used in ophthalmology for better localization of 
the shape of the lesions. Both the techniques were 
then recommended^ to be used together but, after 
sometime, emphasis was placed on the use of A-scan 
technique alone^ as the results for orbital diagnosis 
were as good as with B-scan technique. A-mode tech- 
nique had an advantage of repeatable simple geome- 
try to identify the anterior and posterior surface of the 
globe, the bony orbit and the retrobulbar fat. Devia- 
tion from the normal disposition of echoes, either in 
position or relative amplitudes, had correlations with 
various pathological conditions’. The A-scan tech- 
nique permitted better tissue differentiation also. 
Agreeing well with the concepts, development of an 
indigenous ultrasonic A-scan ophthalmoscope was 
taken up in the laboratory in order to meet the needs 
of the countr}'-'’. Design and fabrication of complete 
prototype models with their diagnostic results on in 
r/Vragoat eyes and in I’/f’ohuman eyes are reported in 
the present paper. 

2 Ophthalmoscope 

An ultrasonic A-scan ophthalmoscope comprised 
an ophthalmic probe, a transmitter, a receiver and a 
display unit. Fig. 1 depicts the block diagram of an ul- 
trasonic A-scan ophtlialmoscope. A number of oph- 
thalmic probes using NPL-made PZT ceramic disc-s** 
of frequencies 8-12 MHz and diameter of 6-8 mm, 
were made with better resolution and diagnostic pot- 
entiality, by using proper backing materials. Elec- 
troniccircuitry'anda.ssociated part.s*''"werefabricat- 
ed'' '’ for better diagnostic potentiality of the instru- 
ment to operate at 10 MHz. The clock generator and 


pulser used integrated circuits to generate pulses of 
300 V with a pulse width of 0.02 fjs and pulse repeti- 
tion rate of 500-1000 Hz. The receiver consisted of a 
low-noise, cascade rf amplifier of 60 dB gain in the 
5-15 MHz range. An active transmit- receive switch 
was employed to limit the signal to transmit and re- 



Fig. I - Block diagram of an ultrasonic A-scan ophthalmoscope 
j 1 Timing generator. 2 pulse generator. .5 attenuator. 4 high vol- 
tage power supply, 5 transmitter, 6 receis er. 7 rf amplifier. 8 
probe. 9 .swept generator. 10 time base. 1 1 bright up generator. 
12 demodulator detector. I.' video amplifier] 



Fig. 2 - Photograph of an ultrasonic A-sean opltthalmoscope 
with in ivVtogoat eye immerseil in a tank ninler examination 
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ceive alternately. A commercial portable oscillo- 
scope of 15 MHz was used for the display of A-scan 
echo patterns. 

The present ophthalmoscope (see Fig. 2) has a 
number of controls like power on/off switch, PRl', 
switch for a single/double probe, T/R switch, sensi- 
tivity control, and a damping control. 

3 Characterization and Calibration 

The ophthalmoscope developed was calibrated by 
using a standard perspex block as well as with other 
conventional techniques. The system was mainly 
characterized for its diagnostic potentiality, i.e. for its 
resolution, sensitivity and beam parameters like 
beam width, directivity and pattern, with the help of a 
‘two-wire method’ developed in the laboratory'"'*^ 
and with various conventional techniques In the 
two-wire method, one wire was kept free to rotate 
around the other one kept fixed. The wires were then 
resolved for their minimum horizontal distance 
achieved by rotating the first wire around the second 
one. The respective echo patterns were observed on 
the CRO screen till both the echoes just merge. The 
apparatus made by Med Corp (USA) was also used 


Table 1 - Technical Specifications of Ultrasonic Oph- 
thalmoscope Developed at NPL 

Dimensions 

Size ; 400 mm X 350 mm X 1 20 mm 

Weight ; S. 5 kg (with CRO) 

Electrical power switch 


Frequency 
Voltage 
Stabilization 
Range 
Bulbus 
Orbital 
Pulse 
repetition 
rate 
Pulse 
width 
Receiver 
Frequency 
range 
Sensitivity 
control 
■Mode of 
operation 
Electronic scale 
Scale 

Adjustable 
time 
Displav 
CRT , 


60 Hz 
220 V 

± 10 of nominal value 

>0.5 /<s/mm ±5 
1 //s/mm '±5 
500-1000 Hz 


0.02 £/s 


10 MHz (R- 12 MHz with 3 dB) 

( 10-20 MHz with low sensitivity) 
0-60 dB 

One or two probe heads 


Can be calibrated in //s or mm tissues 
For comparison of signal amplitude 

1 5 MHz, make Aplab Model 3030 


I’cr supply for pulscr 


Voltage 

Current 

Resolution 


600 ± 2 V 
0.25 A 
<0,3 mm 


for measui ing tlie axial and lateral resolution and the 
beam characteristics. Technical specifications of the 
ophthalrnoscope are given in Table 1. 

Thecye --a- .a iiomogf. neons stmeture separated by 
large ’‘--jojJv.: arianes that reflect the ultrasonic 
was as, 'fhc. dna.rence in acoustic density among the 
diflerent Os tiiar structures is small. The ultrasonic ve- 
lo/city ; about 1640 arid 1530 m/s in the lens and vit- 
ree-r': ;c.-.pcctive!y. Therefore only a small part (5%) 
of r!b; ci.ci gy is l efkrcted to the receiver and the major 
parr is u .msmi; ted after refraction. The absorption of 
till; asi 'and enemy in the eye is minimal which is most- 
ly due to tire ' : ■ ) dB). The eye has an advantage of 
its anterior and superficial situation, i.e. it is easily 
reached from various directions and the transducer 
may be put directly on the eye. 

The echographic picture obtained from the same 
structure depends upon the technical characteristics 
of the equipment. Thus, the use of a standardized ref- 
erence point became necessary. Different calibration 
devices like a plate of glass or steel placed in water or 
oil, were used. The maximum penetration distance in 
oil or the height of the repetition echo from the glass 
or steel was measured for different amplifications. 

A biological method was used'^ for calibration of 
the echogram. The sclera of the examined eye was 
used as the rderence point. The system sensitivity ne- 
cessary to obtain a maximal 1 mm echo from the scle- 
ra was read in decibels. The sclera had constant value 
of ± 2 dB; therefore, a quantitative echography was 
used. The difference in decibels between the amplifi- 
cation necessary to obtain a 1 mm echo from the scle- 
ra and from the examined structure was measured. 
This value gave the nature of reflecting surface. . 

The same sclera reference was used''^ to measure 
the ‘ultrasound absorption’ when the beam directed 
through and bypassing the examined structure. The 
decibel difference between the two settings gave the 
absorption in the examined lesion (in dB//zs). Echo 
height, i.e. the maximal echo, was obtained from a gi v; 
en surface. The beam was, therefore, directed per- 
pendicular to the surface. The echo type depended on 
the internal .structures of the tissues, i.e. on the histo- 
logical pattern and thus allowed a morphological di- 
agnosis, Structures with internal distance of ie.ss than 
0.03 mm were acoustically ‘silent’ because the wave- 
length of a transducer .say of 8 MHz was 0.19 mm. 
Denser tumours showed less reflectivity, but more 
absorption 'T 

4 Diagnostic Results and Discussion 
The ultrasonic A-scan ophthalmoscope was used 
to get scans on phantom, in viirogoal eyes, and in vivo 
human eyes. The phantom consisted of a perspex 
block with five parallel nylon threads 1 mm apart but 
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Fig. 3 - A-scan pattern in in vitro goat eye in axial and lateral 
modes 


giving less spacing and depth by their rotation. Scans 
were also obtained on the in vitro goat eye and are 
shown in Fig. 3 in axial and lateral directions, by tying 
the eye on a perspex block with nylon threads and 
keeping the lens upwards facing the probe head, both 
(eye and probe) being immersed in the water (Fig. 2). 
Scans (Fig. 4 ) were obtained on the patients in the hos- 
pi tal by putting a cup on the eye filled with saline solu- 
tion and keeping the ophthalmic probe in the solution 
facing the lens to get echoes from all parts of the eye. 
Total eye was also examined by taking scans at various 
parts of the eye by moving the probe head with the 
hand over the whole eye with proper acoustic contact 
by using saline solution or suitable liquid drops in the 
eye. 

Thus with the present .system, it was possible to get 
scans from various eye structures, viz. cornea, anteri- 
or of the lens, position between retina and sclera in the 
axial mode, and further details of the eye portion be- 
tween retina, sclera and retrobulbar parts in the later- 
al mode. The vitro-retinal interface echo was fol- 
lowed by a complex of echoes representing retina, 
choroid, sclera and retrobulbar fat. The echoes in the 
retrobulbar fat diminished gradually to the baseline. 
Scans from sclera were clearly visible with the present 
model. For the biomctiy of the eye. the echogram was 
calibrated by using one of the techniques described 
above. Distance between the scans from front and 
rear of the lens gave the lens size while the distance be- 


tween the scans from posterior wall of the lens and re- 
tina gave the length of the vitreous, and so on. Total 
size of the eye could be measured by measuring the dis- 
tance between the front wall and the rear wall of the 
eye, i.e. between cornea and retina. The eye could also 
be examined with the present system; for example, if 
there was abnormality of haemorrhage, blood clott- 
ing or foreign object present in the vitreous, addition- 
al spikes would be seen between the scans of posterior 
lens capsule and retina. This gave the actual diagnosis 
and location of the abnormality or disease. The in- 
novative changes made in the design of conventional 
circuitry and transducer, with local supplies, were 
thus successful. 

The results of the indigenous system have also been 
compared with those of the imported units, Kretz and 
Sonometrics used in the present investigation, and 
been found quite comparable*'’ for various eyeabnor- 
malities. 

5 Conclusions 

An indigenous ultrasonic A-scan ophthalmoscope 
has been developed and used successfully in the local- 
ization and diagnosis of eye abnormalities as well as in 
the measurement of the physical size of the structures 
in the eye. The instrument developed is simple, easy 
to operate, less expensive and has low weight. Availa- 
bility of such an instrument would make the country 
self-sufficient and would help in saving of huge 
amount of foreign-exchange. India is thus able to pro- 
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duce with local supplies a machine comparable to im- 
ported ones at a lower cost and with innovative 
changes. 

Thedetaileddiagnosisof various eyeabnormalities 
like detection of foreign objects, tumours, haemor- 
rhages, retina detachment, cataract, etc., with the 
present system, is in progress. 
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Compound-nucleus contributions, calculated from Hauser- 
Feshbach theory, have been added to differential cross-sections 
calculated from distorted wave Bom approximation for deuteron 
inelastic scattering to the 2* (1.37 MeV) state of ^‘‘Mg, in the region 
of Ea = 10-15 MeV. It has been shown that the fits to the differential 
cross-sections at backward angles are improved by the addition of 
compound-nucleus contributions, and as expected, compound- 
nucleus contribution is less at = 14, 15 MeV as compared to that 
at 10 MeV. 


The examination of published data for the inelastic 
scattering of deuterons from at = 10, 14 and 
15 MeV shows that angular distributions cannot be 
reproduced completely by Distorted Wave Bom 
Approximation (DWBA) calculations, particularly at 
backward angles. Only for elastic scattering, DWBA 
calculations agree with experimental data. This, 
discrepancy between experimental results and 
theoretical calculations maybe due to the presence of 
compound-nucleus contributions. In many cases, 
direct reaction and compound-nucleus reaction may 
simultaneously contribute to the reaction in a 
particular channel. The compound-nucleus contri- 
butions seem to be important for the deuteron inelastic 
scattering to the 2* (1.37 MeV) state of ^•‘Mg. 

It is not possible to separate the experimental data 
into levels for which there is only a direct reaction 
mechanism and levels for which there are only 
compound-nucleus contributions. At intermediate 
energies, most of the levels are populated through an 
incoherent mixture of the two extreme forms of 
reaction mechanism. Since the lifetime of the 
compound-nucleus process is quite long compared to 
the time required for the direct process, these processes 
arc expected to be incoherent. The expression for the 
total differential cross-section may be given as: 



where (d(T/dQ)DR is the cross-section calculated by 
direct reaction theory, (d(T/dQ)HF the cross-section 
calculated by Hauser-Feshbach theory and R the 
reduction factor. The fluctuations and interference 
effects are comparatively very small and do not 
invalidate the model in any substantial way. 

The studies of Satchler* and others^ show that 
calculations made with DWBA improve the fitting of 
theoretical angular distribution data with observed 
values at forward angles, but have little agreement at 
backward angles. In case of compound-nucleus 
theory, the phases of wavefunction describing the 
compound-nucleus states which contribute to the 
reaction are assumed to be essentially random. As a 
consequence of this assumption, angular distribution 
of reaction products is symmetrical about 90°. 

Schmick and coworkers^ have performed Hauser- 
Feshbach (HF) calculations at Ea = Hand 15 MeV for 
this level. They have predicted negligible compound- 
nucleus contribution on the basis of calculations where 
the important parameters of the expression have 
values: d- = 2.65 and p = 3050. In the expression for 
angular distribution of scattering, the inverse of P[P 
= 2rt(r/Z))], multiplies the HF angular distributions 
and spin cut-off factors (a), = It/h^ where I is the 

nuclear moment of inertia taken as the rigid body 
moment of inertia, /; the Planck's constant, and t the 
nuclear temeprature. The quantities T and D are the 
mean level width and mean level spacing of compound- 
nucleus states for the lowest y value to be formed**. The 
angular distribution and correlation depend on F/Z) 
and (7^. The choice of essentially determines the 
shape of the curves. The angular distributions for the 
level 2'^ (1.37 MeV) reproduced by HF calculations 
with a = 3. 16 are better than those with a = 2.65 as the 
value of a = 3.16 gives a lower value of the reduction 
factor. If this value of o( = 3.]6) is used for finding out 
compound-nucleus contributions, as was tried^ for the 
reaction ^‘*Mg(d,p)ai £j = 10 MeV, the compound- 
nucleus contributions may not be negligible at these 
energies. There is no other means for making a definite 
estimate of the reduction factor. In our present study, 
the reduction factor is part of the parameter p. 

In the present study, HF calculations are made and 
the results analyzed to assess the importance of 
compound-nucleus contributions. The compound- 
nucleus contributions calculated from HF theory*’ 
have been added to those obtained from DWBA 
calculations. The experimental data along with 
DWBA calculations for angular distribution for the 
level 2"'^ (1.37 MeV) have been taken from literature^'*. 
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Fig. 1 — Angular distribution of deuteron scattering cross-section 
for 2^Mg{d, d')2^Mg at = 10 MeV [DWBA ( - - ), HF 

analyses!- •-) and DWBA plus HF analyses(-). Circles represent 
experimental data for deuteron inelastic scattering.J 



Pig_ 2 — Plot similar to Fig. 1 ^<i 

For HF calculations, the expressions for 

cross-sections given by SheW°n are u 

sections have been calculated g and 

programme MANDYF jifjed to include 

cowo^ers’. The prog-me » ;nod,ned 

the expression for ZTif^Ejan The 

restricton on .he angular momenta 

transmission coefficients tor ^niical model 

channels were calculated 

parameters as used m DWB ana obtained by 
Theoretical cross-sections have been ob a. 
adding DWBA cross-sections to those obtained 



iF calculations. The experimental data together with 
•alculated angular distributions are presented in Figs 
13 It is seen that addition of compound-nucleus 
•ontributions improves the fits to the experimental 
lata for the inelastic scattering of deuterons from 
■4Mg at £, = 10, 14 and 15 MeV. The present study 
lemonstrates that the linear combination of direct and 
•ompound-nucleus parts leads to a good reproduction 
if data, particularly at backward angles. As expected, 
the contribution of compound-nucleus Process is less 
, t F =14 and 1 5 MeV as compared to that at 10 MeV 
L the reaction ^‘‘Mg (d, d^^^Mg; but it cannot be 

”^One of the authors (SRV) is thankful to the 
University Grants Commission, New Delhi, for 
financial help. 
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The influence of various correlation functions is studied and ap- 
plied to He atom and its isoelectronic series in ground states. Two- 
particle approximation is used for the evaluation of the correlation 
energies ( E,,). In the ground states, values of obtained using func- 
tions of the type = a(Jiri 2 andx = P<j>(r, H-ri) agree wth the ex- 
act values. But results approaching 95-98% of the exact values are 
obtained using function of the type: 

X = '(’larij + P(r, + r^) + yr, (r, + rj)]. 

Nowadays in the theory of many-electron system, dif- 
ferent methods are used taking the electronic correla- 
tion into account. One of these methods is the two- 
particle approximation. Two-particle approximation 
is a generalization of one-electron Hartree-Fock ap- 
proximation, in which every two electrons ihove in the 
potential of the other ( A^-2)-electron system. This 
method was first discussed by Sinanoglu ^ In Sinanog- 
lu’s method, the solution of the two-electron problem 
is correct only within the limits of the second order 
perturbation theory. The two-electron correlation 
without using perturbation theory can be calculated 
using Brenig’s method^. 

In this note Brenig’s method is used for the calcula- 
tion of the correlation energy of He atom and its isoe- 
lectronic series. The influence of various correlation 
functions on the correlation energy is studied. 

Theoretical aspects and considerations — Brenig’s ex- 
pression for the correlation energy in the two-particle 
approximation can be divided exactly into different 
pair contributions^ This expression for He atom and 
its isoelectronic series can be written in the form: 

(4^i)^i,.(x2)[/2(4:,)-1-/i(a:2)] 

^ ZuM5l(^l^2)]+ M'j'lsl (^l)^|,l{X’ 2 ) 

X •'^ 2 ) 2:1 s!l,.(4r,X2)] ...{1) 

where 

/j(,v,) = -|Vi - - and U(x^x-,)- — 
n * r,2 


’ University College for W'omen, Ain Shnms University. Cairo, 
Egypt 


r, is the distance of electron /from the nucleus, and /•, 2 , 
the interelectronic distance. Xisiisi(^i-^ 2 ) is the 
correlation part of the two-particle wavefuntion 

X 2 } which is taken in the form’’: 

= (j)istlsl('^l-*^2)[l Ct/'l2 

+ P( n + /2) + Yn + T2) + 6 ( r, - rzf 

+ e(n + '2)^ + l^i2]---- •••(2) 

where 

^ (^l-*2) ~ ^lstlsl(^]-*2) X]stlsl(-^I^)-"- 

...(3) 

and (j) 1 St I s 1 ( 4:^1 4 : 2 ) is chosen in the ant-symmetric form. 

<|>lstlsl(-^l-*2)~ [<)>lst (n)<l>lsl(^2) 

J2 

- I<j>ist(f2)')>is)(n)] •••(4) 

a, P, Y, 6 , e and | in Eq. (2) are variational parameters 
and can be determined using the variational proce- 
dure, which leads to the equation 

EN,,\ = 0 ...(5) 

where 

^KL = dA2 

Hkl = dx2 

Ip/C = /A:(-J^I.^2)'j>)5tIsl(-^lJ^2) 

Mx,X2) = rj2,f2{xiX2) = (r, + ^2) 
f3{x,X2) = r ,2 ( r, + a), f4(XiX2) = (r, - ^ 2 )^ 
f5iXiX2) = (r, + r 2 )^/ 6 (x,x■ 2 ) = r ,^2 
while fo(x, X 2 ) is taken as unity. 

In all the above calculations we have used the analytic 
one-electron function*. 

Result and discussion — On the basis of the two- 
particle approximation method, the correlation ener- 
gy of the Heatom and its isoelectronic series in ground 
states were calculated. The variational parameters for 
various correlation functions used are given in Table 
] . The corresponding values of the correlation energy 
( E^) are given in Table 2. Comparison of our results 
and those obtained byClementi*indicatesthatthecal- 
culated values of agree reasonably with exact va- 
lues. It is pointed out that the method used in this study 

follows a simple procedure for calculating the correla- 
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Table 1 — Calculated Values of the Variational Parameters 


Function 

Parameter 

2 : 2 

3 

4 

5 

6 

used 








a 

0.0102 

0.0075 

0.0058 

0.0047 

0.0042 

f,j2 

P 

0.0089 

0.0065 

6.0050 

0.0041 

0.0034 

/01/3 

Y 

0.0047 

0.0050 

0.0057 

0.0061 

0.0064 


E 

0.0033 

0.0035 

0.0038 

0.0040 

0.0042 



0.0050 

0.0054 

0.0059 

0.0064 

0.0068 

fM. 

a 

0.0069 

0.0045 

0.0033 

0.0026 

0.0023 


p 

0.0059 

0.0037 

0.0028 

0.0023 

0.0018 


a 

0.0071 

0.0055 

0.0047 

0.0040 

0.0035 


Y 

0.0062 

0.0048 

0.0041 

0.0035 

0.0031 


a 

0.0052 

0.0037 

0.0030 

0.0024 

0.0021 


P 

0.0045 

0.0031 

0.0025 

0.0021 

0.0018 


Y 

0.0040 

0.0028 

0.0021 

0.0017 

0.0016 


Table 2 — Correlation Energies of the Ground State 
of He Atom and Its Isoelectronic Series 



(Unit of E,. 

is in H with reversed sigh.) 


Parameter 

used 

Z: 2 

3 

4 

5 

6 

a 

241 

293 

312 

322 

331 

P 

280 

342 

365 

384 

391 

Y 

201 

233 

272 

305 

320 

E 

182 

224 

251 

271 

293 

? 

170 

202 

235 

252 

270 

a.P 

351 

368 

382 

397 

405 

a.Y 

381 

392 

410 

419 

423 

«.P.Y 

402 

414 

431 

440 

446 

Ref. 6 

421 

435 

443 

448 
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tion energy and does not involve complicated calcul- 
ations. Despite this, from Table 2 it is clear that reliable 
values of are obtained using functions of the form: 


and 

Thefunction[8(i),s,,si(j^i^)(n + ra)] gives very small 
values of and hence we do not report aboutit. Better 
results are obtained using the function of the form: 

XlsUsiiXlXi) = cj)„t,si(j:i-^2)[ar,2 + P(n+'2) 

+ yri2{ r\ + ^ 2 )] 

This function leads to - 95- - 98% of the exact va- 
lues of £c- 
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The IR and Raman spectra of (C3H|uN),jH2Mo8028-2H20 have 
been recorded and analyzed on the basis of vibrations due to 
(CjHiuN) , MoO(i and H2O. Considerable changes in the frequen- 
cies of MoO,; octahedra have been observed due to the distortions 
produced in the octamolybdate ion. The inactive v,; vibration of 
MoOft octahedra has appeared at 304 cm' ' in Raman. 

A number of isopolymolybdates and tungstates have 
been identified and subjected to a series of investig- 
ations'-^. X-ray studies of these compounds suggest 
the existence of shared (corner and edge)octahedral 
MoO(i or WOfi groups. Vibrational spectra of these 
compounds in the 400-4000 cm “ ' region were stud- 
ied and the characteristic vibrations of the octahedral 
MoOfi or WOfi groups identified^ '*. A vibrational an- 
alysis of dihydrogenoctamolybdate (H 2 Mog 028 )*" 
complex belonging to a new structural family of oc- 
tamolybdate ion is reported in this note. 

The powdered isopropyl ammonium dihydrogen- 
octamolybdate (6 - ) dihydrate (abbreviated as 
lAMD) was used for investigation. SPEX Ramalog 
1401 double monochromator equipped with a spect- 
raPhysics model 165 Ar"^ laserwasused to record the 
Raman spectrum in the Stokes region of the green line 
5 145 A. The IR spectrum of the sample in the 20-400 
and 400-4000 cm" ' regions was obtained using FIR 
30 Polytec and PE 283 spectrophotometers. 

lAMD crystallizes in the triclinic space group PI 
with one formula unit per unit celF. The unit cell con- 
tains (H 2 Mog 02 g)'’" complex anion, six (C 3 H,oN)‘'' 
cations and two water molecules. All the atoms oc- 
cupy general positions. The H 2 MogOjg)'’' anion is 
composed of MoO^ octahedra and built by means of 
shared corners and shared edges (no shared faces). 
The factor group analysis predicts 192 Ag and 189Au 
fundamentals at /C= 0. 

From Raman and IR data of ordered Perovskite 
compounds of type AiBMo^, (MoO,, retains its oc- 


tahedral symmetry in these crystals), it has been in- 
ferred^ that the stretching and bending frequencies of 
MoOg octahedra occur in the regions 600-800 cm" ‘ 
and 300-450 cm" ' respectively. When the MoO^ oc- 


Table 1 - Spectral Data and Assignments 


IR 

Raman 

Assignment 

cm'' 

cm"' 


3420 br 

3410 

0 - H str. (water) 


3385 


3140 br 

3170 

N-Hstr.(NH;) 

3040 br 

3060 


2980 w 

2970 

asym. str. CH3 

2930 w 

2920 

sym. str. CH, 

2860 w 

2858 

sym. str. CH2 

1620 vs 

1620 

asym. bend. {NH3* 

1600 vs 

1605 


1500 s 

1509 

— C — C-C- str. 

1470 m 

1465 

CHj bend 


1454 


1395 s 

1401 

CH, bend 

1380 s 

1379 

C-Nstr. 

1350 m 

1352 

CH2 wag 

1210 m 

1221 

CHj-C-str. 

1165 vs 

1170 

CH, rock 

1015 m 

1028 

sym. bend (NH/ ) 


930 


928 s 


V| MoOfi 


924 


892 s 

894 


860 s 

857 

Vj MoOft 

800 w 

804 


700 w 

700 

CH, rock 

680 w 

676 

Water rock 

640 vw 

640 

Vi MoOs 

630 s 

628 


565 m 

576 

V5 MoO* 

538 w 

546 


480 w 

473 

Water twist 

460 w 

469 

C-CHj bend 

443 m 

449 

Water wag 

385 v\v 

397 

Vj MoOfi 

368 m 

372 


340 m 

354 



304 

v,, MoOft 

250 w 

255 


220 w 

220 


200 w 



175 m 



156 w 




154 


134 w 


Lattice modes 

122m 

124 


114 w 




104 


87 w 

80 


78 w 

76 


63 w 

62 
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tahedral ion loses its 0 ^^ symmetry by the sharing 
(edges and corners) of oxygen atoms, appreciable 
changes in thefrequencies of its normal modes are ex- 
pected to occur. 

The very strong band at 924 cm'^ with a shoulder at 
930 cm'^ is assigned to the totally symmetric stretch- 
ing V 1 mode of MoOg group. The splitting of this non- 
degenerate mode into two components is due to the 
vibrational interaction between MoO^ groups. The 
corresponding IR absorption is observed as a strong 
band at 928 cm"'. Such a high frequency for this 
mode is probably due to the distortions produced in 
the M 0 O 5 octahedra. The bands in the region 800- 
900 cm"' are due to the anti-symmetric stretching fre- 
quencies of the shared octahedral MoO^ groups. 
These bands are found to be less intense in IR. The 
observed splitting of about 90 cm" ' is generally ex- 
pected for distorted MoO^ octahedra. 

The doubly degenerate V 2 mode, the anti-symmet- 
ric (with respect to ternary C 3 axis of octahedron) 
stretching appeared as a doublet both in Raman (628 
and 640 cm') and in ER (630 and 640 cm"'). The 
bands with medium intensity at 546 and 576 cm'' 
(Raman) and 538 and 565 cm" ' (IR) are assigned to 


the two split components of Vj mode. The anti-sym- 
metric bending mode V 4 which usually occurs in the 
300-400 cm"' region, is observed at 397, 372 and 354 
cm'' in Raman and at 385, 368 and 340 cm " ' in IR. 
Though vibration is inactive under symmetry, it 
is observed at 304 cm " ' in Raman. 

The small shifting of OH stretching modes from the 
free state value indicates the existence of very weak 
hydrogen bonds in the crystal. The vibrations due to 
NH3, CH3, CH2, -C-C-C-, C-N, C-CH3 
groups and bending and librational motions of water 
are identified and the complete assignment is given in 
Table 1. 

One of the authors (V R) is grateful to CSIR, New 
Delhi, for the award of a fellowship. 
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Using crystal field approach, a theoretical estimate of the 
ground state wavefunction of vanadyl ion doped in crystal has been 
made, using ESR data. Rliombic symmetry crystalline field was as- 
sumed for these ions. 

Many attempts have been made by a number of work- 
ers to formulate a precise ground state wavefunction 
of vanadyl ion The chemistry of this ion has 

been reviewed by Selbin*-^. The knowledge of ground 
state wavefunction of such a paramagnetic ion doped 
in a crystal is useful to study the ESR parameters gand 
A and to evaluate the dipolar hyperfine coupling con- 
stant P and the Fermi contact parameter K. 

In an earlier work, Seth etaP have determined the 
ground state wavefunction of the vanadyl ion in crys- 
talline field of ligands which is of octahedral symmetry 
with a tetragonal distortion. In the present work, the 
authors are interested to study the ground state wave- 
function of vanadyl ion doped in crystals which give 
crystalline field of orthorhombic symmetry. 

When the vanadyl ion is embedded in a crystal lat- 
tice, it is subjected to the crystalline field due to sur- 
rounding ligands. In general, one very short V— O 
bond preserves'* the identity of the VO^ ion. In such 
vanadyl-doped crystals, the crystal field^ is of octahe- 
dral symmetry with tetragonal distortion and a small 
perturbation (orthorhombic field) lowering the 
symmetry for which the equivalent Hamiltonian oper- 
ator can be written^-’ as: 

Hcf = B,(0H + 50t) + B°20°2 + B°,0°, + B^202 

where B^ is the magnitude of the octahedral field, the 
second and third terms represent the tetragonal dis- 
tortion of second and fourth degrees in the potential, 
respectively, and the last term is because of ortho- 
rhombic distortion. For d' configuration in octahe- 
dral symmetry, B^ is a positive quantity®, 5 ” and flS are 
negative^ '*'*’ for a compression along the z-axis which 
is applicable in the present case. When the site symme- 
try is tetragonal, the ground state is d^y with slight ad- 
mixture of the excited states d^i-yt, d^anddy^; this 
mixing is due to spin-orbit coupling^; and dy^ states 


are degenerate in the tetragonal crystal field. If the site 
symmetry is rhombic or lower, the degeneracy of d,^ 
and dy^is removed and the ground state wavefunction 
can be written in the following form^: 

|±)=±C,l±2±i)+C2| + 2,±i)±C3|+l±i) 

+ C 4 |±l + i) ...(2 ) 

where the coefficients Cj, C2, Cjand C4 give informa- 
tion about the admixture of these states. Here we have 
neglected the perturbation due to mixing of ^322. ,2 
state to the d^y state. It is appropriate to relate C,, C2, 
Cjand C4 withtheg factor. This is done by the method 


given in Ref. 3 and we obtain: 

& = 4(C,-b C 4 )(C 2 - C 3 ) ...(3) 

g, = 4(C,-C4)(C2-C3) ...(4) 

and 

g, = 2 { 3 C\- Cl- 2 Cl) ...( 5 ) 

Further, the normalization of the eigenfunction 1 ± ) 
gives 

+ Cl + Cl + cl=l ...( 6 ) 


Using experimental value of g,(, gy and g^ and solving 
Eqs ( 3 ) to (6) for C„ C2, C’3and C4 we get the ground 
state wavefunction of the system as given in Eq ( 2 ). 
The ground state wavefunctions thus obtained are 
used to get the hyperfine structure constant®-® in the 
following form: 

A = 2P[(^-K)Q C2 + {K + ^)QQ + IC^, 
-^C, C3 C2C4) ...( 7 ) 

A = [{j-K)C, C 2 -(K+^)C2 C4 + f C 4 ' 

- ^C. C3-^QC4} ...(8) 

and 

a^ = 2p[-'2K{c] + c\ - cl 

- 16 Cl - 8Cl + 6Cl -6C2C2] .... ( 9 ) 

From Eqs ( 3 ) and ( 4 ) we find 
- C3) and if the ground state is mainly d„y state as de- 
termined by Seth et aP. for tetragonal site symmetry, 
then C, and Q should be of the order of 0.7 and 
C3 < C, and C4 < C]. In that case g, " gy ~ 8 C2 C4. In- 
plane anisotropy for /I value can also written from Eqs 
( 7 ) and (8) in the following form: 


4.58 



NOTES 


Table 1 — Calculated Values of C„ C 2 , C3 , C4, P,K& 
Ay, for Vanadyl-doped K2Mg(S04).6H20 Single Crystal 

[Value of C5 is used as an input.] 


Q 

c, 


C3 

Q 

P 

10”'’ cm“ ' 

K 

Ay 

0.0000 

0.7D09 

0.7138 

0.0004 

0.0014 

118.70 

0.85 

68.15 

0.1000 

0.6973 

0.7096 

0.0006 

0.0014 

120.26 

0.85 

68.17 

0.2000 

0.6865 

0.6996 

0.0000 

0.0014 

123.22 

0.84 

68.20 


A,- Ay = 4P[(iC+y)C3 C4+TQ C4] 
or 

A,-Ay=^fPC2C, ...( 10 ) 

Using P= 120 X 10"^ cm"^ we find A,,- Ay- 
1166 Q C4 X 10"^ cm This suggests that if the bi- 
plane anisotropy in the value of g is A and if the in- 
plane anisotropy in the value of A is approximately 
150AX 10"*cm“ \ then the ground wavefunction of 
the system is with a slight admixture of d,, 2 _y 2 , 
dxz and As an example, we consider vanadyl ion in 
triglycine sulphate (TGS) for which the experimental 
values‘0'“ are g,= 1.9852, gy= 1.9982, g,= 1.9288, 
Ax=73.33 X Ay = 71,76 x 10“^ cm ‘ 

andA^= 178.17 x 10 "‘‘cm "‘.Using these values of 
splitting parameter and solving Eqs (3)-(6); we find 
Cl = 0.7008, C2 = 0.7134, €3 = 0.0029 and C4 = 
- 0.0023. These values of C’s in Eqs (7) and (9) give 
|F1 = 114.23 X 10"‘'cm-‘andi<:=0.91. 

These values of Cj, Cj, C 3 , C 4 , P and K are substi- 
tuted in Eq (8) to get Ay =7 1.52 X 10"^ cm-‘,which 
is equal to the experimentally determined value within 
the limits of error. Thus it appears that in TGS crystal, 
the ground state wavefunction of vanadyl ion is 
with a slight admixture of d,2-y2 , d„ andd y^. 

In systems where the in-plane anisotropy m the va- 
lue of A is much larger than 150 Ax 10 cm " ‘ we 
have tried to define the ground state as with small 
mixing of d^i^yi , d„ , dy^ and d 3 ^ 2 -^ 2 . In these sys- 
tems, the ground state may be defined as; 

l±)=C,l±2±i)+C2l + 2,±i}±C3l + l + i) 

± C4l±l + i) + C3 |0±i) ..•■(11) 

In this case, we have also found expressions for g,,, 
gy, g^, A^, Ay, and A^, which have been used to deter- 
mine the ground state wavefunction of vanadyl ion 
doped in K2Mg( 804)2 6H2O (Ref. 12); g„ = 2.005, 
gy, = 1.997, g, =1.930, A, =67x10"" cm"*. Ay. 
= 77 X 10"“* cm"‘andA^ = 178 x 10"“* cm"‘. Be- 
cause there are five unknown quantities in this case, we 


have solved the equations for C2, C3 and C4 after 
puttmgCs = 0.0,0.1and0.2.VaIuesobtamedfor Cl, 
C2, C3 and C4 along with experimental values A,^ and 
A^ are used to evaluate P and K and then the theoreti- 
cal value of Ay is calculated. The values of Cj, Cj, C 3 , 
C„P, K and Ay as determined in the three cases are 
given in Table 1, which shows that small mixing of 
d3jj_ ,2 state does not give large in-plane anisotropy in 
A. 

We can conclude from the present study that if the 
in-plane anisotropy in gis A and the corresponding in- 
plane anisotropy in A is approximately 150 A 
X 10 " cm " ' , then in our coordinate system d,^ with 
a slight admixture of excited states ^ddy^ 

is the ground state of vanadyl ion in the orthorhombic 
crystalline field. In such systems, the in-plane aniso- 
tropy is caused primarily by mixing of dy^ rath- 

er ^an d 2 i 2-,2 . 

The authors are thankful to Prof. N M Atherton, the 
University of Sheffield for carefully reading through 
the manuscript. This work was financially supported 
by the CSIR, New Delhi. 
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ESR studies have been carried out on Cu(pyrazole) 2 Cl 2 , 
Cu(pyrazole) 4 Br 2 and Cu(pyrazole) 4 (C 104)2 in polycrystalline 
and solution forms. Solvation is found to be more in DMF (N,N’- 
dimethylformamide) solution of bis-adduct compared to tetrakis- 
adducts. Strong solute-solvent interaction is noticed in the pyri- 
dine solutions of all the complexes. The equatorial and axial bond 
strengths are also calculated. 

Reedijk et al.' synthesized and characterized a num- 
ber of pyrazole copper{n) complexes by IR and ESR 
techniques to elucidate the coordination behaviour of 
these complexes. Since these studies were confined to 
ESR observations at Z-band microwave frequencies 
in polycrystalline samples they gave only limited in- 
formation about the coordination behaviour of pyra- 
zole. The present authors have extended the ESR 
studies on polycrystalline samples of Cu(pyra- 
zole)2Cl2(complex-I), Cu(pyrazole)4Br2(complex-n) 
and Cu(pyrazole)4 (€104)2 (complex-III) to Q-band 
and in solutions of DMF (N,N'-dimethylformamide) 
and pyridine at ^-band microwave frequencies. The 
coordination behaviour of pyrazole and solute-sol- 
vent interactions are studied. From the earlier stud- 
ies' it is found that all the above complexes possess 
distorted octahedral symmetries. In the case of com- 
plex-I it is found that chlorine acts as a bridging ligand 
occupying the four coordinate positions of the equa- 
torial plane, whereas in the other two complexes these 
are occupied by four nitrogens, one each contributed 
by one pyrazole molecule. 

Experimental procedure -The compounds under 
consideration were prepared according to the proce- 
dure given elsewhere' . The ESR spectra in polycrys- 
talline and solution forms were recorded by Varian 
E-4 X-band and E-1 1 2 Q-band spectrometers whose 
details were given eI.sewhere“-^.The maximum errors 
in gand A are about ± 0.002 and ± 2 G respectively. 

Results and discussion— The (>band ESR spectra 
of complexes I and II in poiycrj'stalline form are 
shown in Fig. 1 . Complex I has yielded three gvalues 
(g, = 2.212, gi = 2.093and^i = 2.038 }andcompJeATI 


indicated two g values (gj = 2.296, ^ = 167 G and 
gj_ = 2.058). The G values [(g, - 2)/{i(g2 + gj) - 2} or 
(gj - 2)/(gj^ - 2)] for the above two complexes re- 
spectively come out to be 4.2 and 5.0 which indicate 
that the molecules in the unit cell of these complexes 
are magnetically equivalent and that these gvalues are 
near to the molecular g values'* ■'®. They also indicate 
that in both the complexes the ground state is domi- 
nated by the d ^2 _ y2 orbital. In the case of complex I, 
the rhombic nature of gvalues indicates mixing of the 
d ^2 orbital with that of the ground state - y-- The g 
and A values of these complexes are comparable with 
the corresponding values of other pyrazole com- 
plexes'. 

ESR spectra of these complexes in DMF at 300 K 
are broad single lines and partially resolved hyperfine 
lines are observed in pyridine solutions. ESR spectra 



Fig. 1 - ESR .spectra of polycrysiallinc samples of (A) 
CuiPy.hCl,; and at .V>l) K. 
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of these complexes in frozen DMF and pyridine solu- 
tions are shown in Fig. 2, Spin-Hamiltonian constants 
obtained from these spectra by usual methods^ are 
given in Table 1 along with the corresponding values 
obtained in some bis- and tetrakis-adducts of oxazole 


A B 



Fig. 2 - ESR spectra of pyrazole complexes in frozen solutions 
[(A) Cu(Pz)',Cli in DMF; (A') parallel features of (A) are magnifi- 
ed; (B) Cu(Pz) 4 Br 2 in DMF; (C) CuiPzkiaO,), in DMF; and 
(D) Cu(Pz) 4 (C 104 ): in pyridine] 


and isoxazole derivatives for the purpose of compar- 
ison. The g values of complex I in DMF solution are 
very much different from the corresponding values in 
its polycrystalline form indicating that the solute-sol- 
vent interaction is stronginDMF solution. The high gj 
and low values in DMF solution also indicate oxy- 

gen coordination which is most probably arisingfrom 
the attachment of DMF molecules to copper(n) ion in 
all its coordinate positions’. From the small deviation 
of g values of the species in frozen DMF solution of 
complex HI from its values in poly crystalline form it is 
likely that all the coordinate positions may not be oc- 
cupied by solvent molecules. In the case of complexll, 
the g and A values of polyciystalline sample are near 
to the corresponding values in DMF solution indicat- 
ing weak solute-solvent interaction which is unusual 
for complexes formed with heterocyclic ligands^’^-*'’. 
From these studies it appears that solute-solvent in- 
teraction of bis-adducts of pyrazole complexes is 
more than that of the tetrakis-adducts. The g and A 
values of all the three complexes in frozen pyridine 
solutions are almost equal indicating strong solute- 
solvent interaction in all the cases. The ligand hyper- 
fine structure on the perpendicular features of these 
spectra and the low gand high A values (Table 1 ) in- 
dicate nitrogen coordination which is most probably 
brought out by the attachment of pyridine molecules 
to thecopper(n) ions of these complexes. 

In the frozen solutions of complexes H and III, an 
increase in line-width of the signals in theparallel fea- 
tures is observed (Fig. 2), as one moves from the line 


Table 1 - Spin-Hamiltonian Constants Obtained in Some Copper(II) Complexes of Pyrazole & Derivatives of 

Oxazole & Isoxazole 


Compound** 

Solid/Solvent 

g 

A 

ICA 

ft 

8i 

A 



Ref. 








(G) 



Cu(Rz),CI, 

DMFt 

2.168 

68 

2.349 

2.071 

120 

40 


Present study 


Pridine 

2.131 

75 

2.259 

2.060 

165 

38 

15 


Cu(Pz)jBr2 

DMF 

2.138 

57 

2.295 

2.069 

150 

33 


Present study 


Pyridine 

2.140 

75 

2.256 

2.061 

160 

36 

15 


Cu(Pz)4{C104)3 

Solid 



2.250 

2.050 

175 



1 


DMF 

2.165 

57 

2.307 

2.090 

158 

25 


Present study 


Pyridine 

2.123 

70 

2.251 

2.060 

165 

38 

15 


Cu(BO),Cl, 

Solid* 



2.243(&) 

2.056(g^) 










2.0309(gd 






DMF Species 1 

2.133 

50, 

2.379 

2.07 

115 

16 


3 


Species 2 



2.333 


120 




CulPPOl^ClOj), 

Solid* 



2.336(g,) 

2.217(g,) 

137{/t,) 

94{A,1 


8 

4H,0 





2.098(g,) 

60{A,) 





DMF 

2.191 

•50 

2.389 

2.092 

120 

15 


7 

Cu(DMI)4(C104). 

DMF 

2.196 

44 

2.407 

2.091 

122 

5 


10 

Cu(MPI)4(C104): 

DMF 

2.19'4 

46 

2.404 

2.09 

120 

7 


10 


t Average spin-Hamillonian constants 

* (Fband spectrum at 300 K; ** BO = Benzoxazole, PPO = 2,5-diphenyloxazole. DMI = 3.5-dimethylisoxazoIe, MPI = 3-methyl.5- 
phenylisoxazole 
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/Hj = - 3/2 to + 3/2 due to the spread of gj and va- 
lues arising from strains while freezing". In contrast 
to this observation, the line-widths in the case of com- 
plex I are found to decrease as one moves from 
m^ = ~ 3/2 to + 3/2 (Fig. 1 A) which is attributed to 
the superposition of the spectra coming from at least 
two types of copper(n) species. The gand A values (gj, 
gj^ , Aj, A^ ) and the shape of the frozen solution spect- 
ra (perpendicular feature is more intense than parallel 
feature) in DMF and pyridine in all the complexes in- 
dicate that the ground stateofcopper(n)is 0^2 _y2.Us- 
ing the standard procedures described earlier^, the in- 
plane o^bond parameter {a?-) and the fraction oi 3d 
orbital in 3d/-45ground state (f) which is a measure of 
axial bond strength, are calculated. These values of 
and in the case of frozen DMF solutions of com- 
plexes I, n and in come out to be (0.68, 1.00), (0.80, 
0.973) and (0.86, 0.973) respectively. The corre- 
sponding values in pyridine solutions come out to be 
(0.76, 0.997), (0.72, 1.00) and (0.78, 0.961). From 
these values it is evident that species in DMF and pyri- 
dine solutions of Cu(Rz) 2 Cl 2 and pyridine solution of 
Cu(Pz) 4 Br 2 have strong equatorial bonds and weak 
axial bonds, whereas the species existing in the DMF 


and pyridine solutions of Cu(Ez) 4 (C 104)2 and DMF 
solution of Cu(Pz) 4 Br 2 have weak equatorial and 
strong axial bonds. 
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The concept of a thermal conductivity minimum finds an im- 
portant application in thermoelectric optimization programmes. 
The search for improved thermoelectric materials is in part 
directed towards decreasing lattice thermal conductivity without 
significantly degrading the electrical properties of materials. The 
case of lead telluride-based material is discussed in this context 
and a comparison is made between the calculated minimum 
thermal conductivity and its measured value at the melting point 
corrected to include the effect of grain-boundary scattering. 

The concept of a thermal conductivity minimum was 
first discussed by Roufosse and Klemens^ Slack^ la- 
ter on elaborated the theoretical framework and ob- 
tained compact expressions for the minimum thermal 
conductivity ( A^in) and sought a comparison between 
the calculated minimum and the measured thermal 
conductivity (X^) at the melting point. A maximum 
scattering of phonons in terms of an optimized phon- 
on-phonon scattering justifies this procedure as a first 
step in obtaining a meaningful comparison. A some- 
what better approach would be to take into account 
the phonon scattering by alloy disorder and by grain 
boundaries, apart from the usual phonon-phonon 
scattering. 

The usefulness of accomplishing lower values of 
thermal conductivity has significance in thermoelec- 
tric applications^’'^. Good thermoelectric materials 
possess a relatively high value of the electrical tcrther- 
mal conductivity ratio ( a/ A). The efforts to optimize 
the thermoelectric figure-of-merit(Z= a?G/ A, where 
a is the Seebeck coefficient) have in part been direct- 
ed towards maximizing this ratio { o! A). 

The present note reports an attempt to obtain a 
high value of Z for lead telluride and the materials 
based on it. These materials are amongst the best 
known thermoelectric materials for terrestrial appli- 
cations in the temperature range 600-900 K. 

Mixed Ciyslals and Sintered Materials 

Use of mixed ciy'stals is prompted by the consider- 
ation that alloy disorder considerably reduces the 


thermal conductivity (A) whereas the electrical con- 
ductivity (a) changes only slightly’’^ A large mass- 
difference between the constituent atoms such as in 
silicon-germanium alloys gives rise to an order of 
magnitude reduction in thermal conductivity. 

Following the suggestion by Goldsmid and Penn^, 
the grain-boundary scattering was shown to have a 
significant effect on the thermal conductivity even at 
high temperatures. In fine-grained materials, low fre- 
quency phonons can be effectively scattered in the 
presence of an alloy disorder which scatters hig fre- 
quency phonons dependence of the corresponding 
scattering rate). The electronic mean free-path is not 
appreciably affected and this leads to an increase of 
the ratio cr/A. This concept leads to the possibility of 
obtaining higher values^ of Z. However, this will 
not be possible beyond a limiting value of the grain- 
size below which electrons are also effectively scat- 
tered. This limit can be set around a grain size of about 
1 /tm; any further reduction in the grain-size would 
have an adverse effect on the ratio o/A. 


Theoretical Framework 

Minimum thermal conductivity — has 
described the calculation of thermal conductivity 
minima for various types of crystals. For ciystals with 
more than one atom per unit cell, optic phonon modes 
are also included in the thermal conductivity calcula- 
tion. The total minimum thermal conductivity at the 
melting point is written as 


3 3ac 4 - jJOp 

^min, ® ^mw, 


...( 1 ) 


where 




...( 2 ) 


where vis the acoustic phonon velocity, d the cube 
root of atomic volume and the highest acoustic 
mode frequency. 

Further, the optic phonon contribution is 


*^niin,co 


k "■* 

=2^ y 

nd^, 


where Vq; is the optic mode frequency and n is the 
number of atoms per primitive cell. 


Reduction in thermal conductivity for thermo- 
electric applications— Vot a sintered semiconductor 
alloy, the thermal conductivity variation with alloying 
and sintering is given by®-’ 
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h 

K 


= (1 + 5V9) 


-1 


X 


U{A,C)^ 




{l + ko)AL, + U + {l + k,)V, Uj 

...(4) 


where 


LiiA, C) = 


1 

0 


x" dx 

Ax^ + + C 


.(5) 


parameters A and C describe the measure of alloy- 
disorder and doping, and are defined by 


Itc A„ V, 

Ac ai Ul+5k^ /9) 

-..(6) 

o)q 

2t^ h (l + 5Ao /9) 

...(7) 


In Eq. (7), Aq is the thermal conductivity of the perfect 
(notional) large single crystal where only three- 
phonon scatterings are present, the Boltzmann 
constant, (Wd the Debye frequency, the average 
phonon velocity, L the average grain size, Qq the 
volume per atom, F the disorder parameter and the 
ratio of phonon relaxation times corresponding to 
three-phonon umklapp and normal processes, as- 
suming a similar frequency dependence for both the 
processes®'^. 

Lead Tcliuridc-based Material 

Hence it is possible to obtain a semiquantitative 
estimate of the minimum thermal conductivity rele- 
vant for thermoelectric applications. Following the 
procedure outlined earlier we have calculated ' ‘ the 
reduction in the lattice thermal conductivity due to 
grain boundary scattering in the alloy systems 
PbSnTe and PbGeTe at 300 K. Table 1 gives the esti- 
mated reductions for undoped and optimally doped 
PbSnTe and PbGeTe respectively. Optimal doping 
refers to the dopinglevel which corresponds to a max- 
imum in Z versus Fermi energy curves. 

According to Slack^, the calculated minimum ther- 
mal conductivity of PbTe is 3.28 x 10"^ 
\Vcm’*deg"' (see Table XVII of Ref. 2). The mea- 
sured value'^ of A at the melting point is 4.8 x 10"^ 
Wcm “ ' deg " ' . A further estimated reduction of about 
30 per cent for 0. 1 /vm grain-size material would bring 
the thermal conductivity down to 3.4x10"^ 
Wcm ■ ' deg" ' .The calculated minimum value is quite 
close to the expected observed minimum for aheavily 
disordered material at the melting point. 

No further reductions in thermal conductivity are 
therefore expected for temperatures approaching the 


Table 1 —The Ratio A/ A,ingk for PbSnTe and PbGeTe 
with Decrease in Grain Size 

Hnm) A/Asingle 



Undoped 

Optimally 


PbSnTe 

doped* 

10 

0.96 

0.98 

1.0 

0.90 

0.92 

0.2 

0.79 

0.83 

0.1 

0.72 

PbGeTe 

0.75 

10 

0.96 

0.98 

1.0 

0.87 

0.90 

0.2 

0.74 

0.78 

0.1 

0.67 

0.71 


’Refers to the doping level which corresponds to maxima in Z 
versus Fermi-energy plots. 


melting point. However, at room temperature where 
phonon-phonon scattering has not attained its maxi- 
mum effectiveness, grain-boundary scattering of 
phonons supported by alloy-disorder scattering 
could lead to reduction in A with a decrease in the 
grain-size. The fact that any further reduction in grain 
size is undesirable for thermoelectric applications, 
has been emphasized in Ref. 4. 

These estimates are at best semiquantitative al- 
though the agreement between the calculated and the 
observed values can in some cases be excellent. In the 
present context, we have discussed the case of either 
undoped or moderately doped materials in calculat- 
ing the effect of grain-size. However, at the optimum 
doping, the contribution of electrons to the total scat- 
tering cross-section of phonons is significant and 
should also be takCTi into account. This aspect of the 
problem is currently being investigated. 
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Interference-free Determination of Manganese in Water by Graphite Furnace 

Atomic Absorption Spectrophotometry 

ANIMESH KUMAR & M Z HASAN 
National Environmental Engineering Research Institute, Nagpur 440 020 

and 

B T DESHMUKH 

Department of Physics, Nagpur University, Nagpur 440 010 
Received 20 March 1986; revised received 10 June 1986 

An interference-free graphite furnace atomic absorption spectrophotometric method for the determination of manga- 
nesein water has been developed. The method utilizes a matrix modification reagent consisting of a mixture of ascorbic acid 
and ammonium nitrate for the removal of matrix interferences. Optimum atomization conditions followed are: drying at 
90°C for 50 s, charring at 1000°C for 30 s and atomization at 2700°C for 5 s. Use of pyrolyticaUy coated graphite tube and 
normal mode of heating gave optimum results. The interferences caused by alkali metals,, alkaline earth metals, their chlo- 
rides and sulphates and iron were successfully removed in the presentmethod. The minimum detection limit and sensitivity 
of the method are 0.5 pgA and 0.1 pg/1 of manganese respectively. 


1 Introduction 

Manganese (Mn) occurs in water as hexavalent 
manganates and divalent metal ions. Monitoring of 
Mn in ground water and in water from municipal sup- 
ply mains, in general, and in water found in mines, in 
particular, is essential both for aesthetic and health 
reasons^ This programme requires accurate, precise 
and sensitive analytical methods for the determina- 
tion of Mn. Atomic absorption (A A) spectrophotom- 
etric methods havebeen universally accepted for trace 
metal analyses in water^. The detection limit for Mn by 
flame AA spectrophotometric method is, however, 
higher than its permissible limit in water^. The sample 
is required to be pre-concentrated to bring its concen- 
tration in the detection range'’’^. The application of 
flameless atomization techniques in AA spectropho- 
tometry for trace metals determinations has increased 
manyfold during the last decade^ due to their higher 
sensitivity as compared to flame methods. However, 
the technique suffers from matrix interferences and 
requires their removal by chemical treatments’’®. 

Numerous studies have been made on the determi- 
nation of Mn by flameless A A spectrophotometry us- 
ing a graphite fomace (GF ), a carbon rod and a tanta- 
lum boat. Mn was determined in natural water by di- 
rect comparison with aqueous standards^. During de- 
termination of Mn by using a tantalum heating ele- 
ment in a stream of argon in a pyrex enclosure, it was 
observ'ed that manganese phosphate produces a high- 
er absorption signal compared to manganese chloride 
and bromide. The atomization of Mn was also sup- 
pressed by the presence of Na, K, Al, CO, Ni, Ca and 


Sr; however, Fe did not produce any suppression^®. In 
another experiment, manganese chloride was found 
to interfere significantly and this was compensated by 
using a background corrector” or by introducing the 
sample on a tungsten wire after the GF has reached a 
constant pre-set temperature*^. Halide interferences 
were also removed by addition of ammonium salt of 
ethylene diamine tetra acetic acid (EDTA)*^. This 
process prevented metal halide complexation and 
produced volatile ammonium halide which is re- 
moved during the charring stage. Perchloric acid was 
also found to suppress the Mn, AA signal consider- 
ably; however, this suppression effect was avoided by 
evaporation of the acid before atomization*'*. The 
macrocomponents present in the sample produce in- 
congruent volatilization in the carbon rod atomizer; 
however, such a volatilization could be reduced by 
thermal pre-treatment of the sample'^. 

The present paper reports a new method for the de- 
termination of Mn in water developed at the National 
Environmental Engineering Research Institute 
(NEERI), Nagpur. The method utilizes a mixture of 
ammonium nitrate and ascorbic acid as a matrix modi- 
fication reagent (MMR) for the suppression of anionic 
and cationic interferences. The effect of heating rate 
on peak atomization has also been studied. 

2 Experimental Details 

2.1 Instrumentation 

A Perkin-Elmer Model-372 atomic absorption 
spectrophotometer equipped with a HGA-2200 gra- 
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phite furnace and deuterium background corrector 
lamp was used. Measurements were made with Inten- 
sitron hollow cathode lamp of Mn operated at 20 mA 
lamp current with the wavelength setting at 279.5 nm 
and a spectral slit width at 0.2 nm. Initial studies were 
conducted with both the standard graphite (SG) tube 
and pyrolytically coated graphite (PCG) tube but later 
on it was restricted to PCG tube only as it gave more 
precise results. Inert atomosphere in and around the 
graphite tube was maintained by continuously purging 
nitrogen at a flow rate of 50 ml/min. The Mn absorb- 
ance signals were recorded on 10 mV span Perkin-El- 
mer Model-5 6 recorder for the computation of the re- 
sults. Eppendorf microlitre pipette with disposable 
tips was used to transfer the solutions into the GR 

2.2 Reagents 

Stock solution of Mn (1000 pg/ml) was prepared by 
dissolving 0.3076 g MnS 04 .H 20 (99% pure, BDH, 
AR) in 1 ml concentrated nitric acid (BDH, AR) and 
subsequently making up the volume to 100 ml with 
deionized distilled water. Standard Mn solutions of 
various concentrations were then prepared by two 
step dilutions of Mn stock solution with 1% nitric acid. 
MI^ was prepared by dissolving 1 g of ammonium 
nitrate ( 99% pure, AR, BDH) and 1 g of ascorbic acid 
(99.9% pure, AR, BDH) in 100 ml of deionized dis- 
tilled water. 

2.3 Procedure 

Water samples for determination of total Mn were 
prepared by acidifying the sample with nitric acid to 
bring the pH to 2-3, boiling vigrorously for 5 min and 
filtering the cooled water samples through 0.45 mic- 
ron filter paper. Blanks were prepared by taking dei- 
onized distilled water and processing them in the same 
way as the samples. The standards were also given si- 
milar treatments. A 20 pi of the sampleand 20 pi of the 
MMR were transferred into the GF. The furnace was 
then programmed at the pre-determined optimum 
operating conditions (drying at 90'C for 50 s, charring 
at 1000‘’C for 30 s, atomizing at 2700°C for 5 s) using 



Fig. 1— Charring and atomization cur^'es for Mn using standard 
graphite tube 



Fig. 2— Curves of Fig. 1 taken using pyrolitically coated graphite 

tube 

normal mode of heating. Results were computed from 
the mean of several readings after compensating for 
reagent blanks. 

3 Results and Discussion 

3.1 Optimization of Atomization Parameters 

Experimental charring and atomization curves 
were plotted using the A A signals obtained by atomiz- 
ing 20 pi of synthetic water sample containing 4 pg/1 
Mn and 20 pi of MMR in both SG and PCG tubes us- 
ing both normal mode of heating and temperature- 
controlled maximum power (TCMP ) mode of heating 
(Figs 1 and 2). It was observed that a loss of Mn oc- 
curred at 900°C when SG tube was used and insignifi- 
cant loss of Mn was observed up to lOSO'C when 
atomized in the PCG tube, Optimiun atomization 
temperatures with (i) normal mode of heating and (ii) 
with TCMP mode of heating were 2700 and 2200°C 
respectively in case of SG tube; and they were 2700 
and 1900°C respectively in case of PCG tube. The 
charring time of 40 s was found suitable and atomiza- 
tion time of 5 s was sufficient to bring the AA signal 
back to the base line. PCG tube has a high thermal con- 
ductivity which permits uniform heating of furnace 
and, therefore, provides a more uniform temperature 
of the atomic vapour and high resistance to oxidation. 
A high charring temperature is usually desired since it 
ensures complete decomposition of organic matters 
and volatilization of inorganic matrices at the charring 
stage. PCG tube was, therefore, used for the analyses 
of water samples. The atomization profiles recorded 
(Figs 3 and 4) by heating an aliquot of Mn standard so- 
lution with MMR, using different heating rates 
showed that the peak atomization of Mn occurred at a 
higher temperature when higher heating rates were 
used. Improvement in analyticcil sensitivity with faster 
heating rates was also observed and it was optimum 
when normal mode of heating was used. TChff mode 
of heating showed no further improvement in analyti- 
cal sensitivity. Optimum senstivity was achieved at 
lower atomization temperature of 1900°C using 
TCMP mode of heating. However, relative scattering 
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Fig. 3— Effect of heating rateon absorbance signal of Mn 



TIMERS 


Fig. 4— Curves of Fig. 3 for Mgher heating rates and for the normal 

mode 


of replicates was observed to be more in this case. In 
order to obtain precise results, analyses were carried 
out using an atomization temperature of 2700°C and 
normal mode of heating. 

3.2 Effect of Diverse Ions and Their Suppression by Matrix 

Modification 

Studies were conducted to find out the effect of an- 
ions and cations normally present in water, on manga- 
nese atomization. A solution containing 4 pg/l Mn was 
spiked with varying amount of diverse ions. Metals 
were added as their nitrates and anions as their respec- 
tive acids. Mn AA signals were recorded for the solu- 
tions. It was observed that Na, Mg sulphate and chlo- 
ride ions, when present at a concentration of 100 pg/ 
ml significantly suppressed the Mn A A signal. Metals 


Ca and K did not show any significant effect when 
present up to 500 |xg/l. Iron suppressed Mn atomiza- 
tion at a level of 0.5 pg/ml. However, presence of Cd, 
Pb, Zn and Ni showed an insignificant effect Presence 
of Mg in the solution reduced A A signal of Mn present 
in a matrix of magnesium oxide. Mn vaporization was 
also delayed until entire magnesium oxide was vapor- 
ized’®. A study on the effect of nitrates of Mg and Ca, 
sulphate of Mg and chlorides of Mg, Ca and Na on 
pulse characterization time of Mn carbon furnace A A 
signal revealed that the atomization mechanisms were 
different for different interferences’^. The suppres- 
sion and enhancement of analyte atomization m GF, 
therefore, bear no simple relationship to the concen- 
tration of any individual matrix constituent’®. These 
matrices, if not removed, may cause a depletion of the 
atomic vapour owing to the formation of molecular 
species and reduce the AA signal. Matrices may also 
cause a delay in the formation of atomic vapour, lead- 
ing to both height reduction and broadening of ab- 
sorptionpeak.Experiments were, therefore, conduct- 
ed for reducing the effects of these matrices by chemi- 
cal modification. A number of chemical reagents were 
used for this purpose. AA signals were recorded for 
the solution containing matrices in presence of these 
MMRs. Experiments showed that ascorbic acid re- 
moved the interferences due to Na, Mg and Fe; and 
ammonium nitrate removed the interference due to 
chloride, sulphate and Mg ions. The addition of ascor- 
bic acid shifts the atomization peak of Mn to a higher 
temperature’^’^® and the CO or CO 2 generated by its 
pyrolysis participates in the suppression of interfer- 
ences’^. Ammonium nitrate transforms easily to vol- 
atile ammonium chloride which volatilizes during the 
charring stage and, therefore, the interferences due to 
the presence of chloride are removed. A mixture of as- 
corbic acid and ammonium nitrate was found to be 
able to suppress the interferences considerably (Table 
1 ). This was, therefore, used as MMR in the analysis of 
water samples. A study to optimize the concentration 
of ascorbic acid and ammonium nitrate for elimina- 
tion of matrix interferences showed that 20 gl solution 
of a mixture of 1% of each by wt was suitable (Fig. 5). 


MATRIX MODIFICATION REAGENT 
CONTAINING ( 1% NH4 + \ % 
ASCORBIC AGIO ) 




io., 


00 ' ’ ’ ’ ’ 

0 10 20 30 40 50 60 

MATRIX MOOFICATION REAGENTW) 

Fig. 5— Optimization of matrix modification reagent quantity 
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Table I — Effect of MMR on Manganese Response 



[4 pg/I Mn response taken as 100%] 


Ions 

Concentration 

% Response 

added 

pg/ml 



Without 

With 





MMR 

MMR 

Ca=-^ 

500 

90 

98 

Na^ 

500 

78 

95 

K* 

100 

90 

98 

Mg2+ 

200 

83 

105 

C1-- 

1000 

70 

100 

so^- 

1000 

75 

99 

Fe-’^ 

1.0 

77 

96 


Table 2— Accuracy and Precision of the Results for Man- 
ganese Determination 

[Ground water containing 20 gg/1 manganese and mine water 
containing 25 (ig/1 manganese were diluted 5 times for this 
study] 


Manganese 

Ground 

Municipal 

Mine water 

added 

water 

supply 

(Intrinsic 

Pg/1 

(Intrinsic 

water 

content 


content 

20pgA) 

(Intrinsic 

content 

1 Pg/1) 

25 pg/1) 



Rec. 

RSD 

Rec. 

RSD 

Rec. 

RSD 


% 

% 

% 

% 

% 

% 

1 

95 

6.2 

97 

3.7 

93 

4.3 

2 

98 

7.4 

91 

4.2 

98 

3.8 

3 

99 

5.4 

101 

3.8 

102 

3.7 

4 

103 

4.3 

98 

3.6 

99 

5.0. 

5 

97 

3.8 

99 

3.9 

100 

4.2 


3.3 Accuracy, Precision, Linearity Range and Minimum 
Detection Limit 

The accuracy of the method was evaluated by de- 
termining the percentage recovery of Mn in spiked 
water samples of ground water, municipal supply wa- 
ter and mine water (Table 2). Percentage recovery at 
various concentration ranges was found between 91 
and 107%. Percentage scatter of replicate analyses 
showed that relative standard deviation (RSD) varied 
between 3.7 and 7.4%. The calibration curve of ab- 
sorbance versus concentration was drawn for aque- 
ous solutions of to Mn and MMR. The curve was 
found to be linear up to Mn cone, of 8 jits/l the regres- 
sion equation of concentration ( C) versus absorbance 
[A ) is given by: C= 17.01 A~ 0.3^. The minimum ^- 
tection limit was calculated from A’,, ,+ ® Op, where A^i 
is the mean of blank replicates and Op, is the standard 
deviation of blank replicates. Computation of and 
o,,, of blank gave a minimum detection limit of 0.5 pg/1 
of Mn.Thesensitivity of the method expressed ascon- 
centration of Mn required to produce 1 % absorption 


Table 3— Result.s of Analysis of Some Water Samples 


Sample Manganese concentration (pg/I) 



Ground 

Mine 

Muncipal 

River 


water 

water 

supply 

water 

water 

A 

11 

18 

3 

9 

B 

14 

25 

1 ■ 

12 

C 

32 

29 

0.5 

13 

D 

33 

14 

1 . 

13 

E 

13 

16 

2 

7 


(0.0044 absorbance) is 0.1 pg/l. The results of analysis 
of some water samples are shown in Table 3. 
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Weak coupling of a rigid rotor and a single neutron in J= 13/2, 1 1/2 and 9/2 shells is used to explain the high-spin states of 
pure rotational bands, as weak as aligned-state bands in odd-mass nuclei. The nuclear Hamiltonian employed in the 
calculations is made up of three parts, which describe the core rotation, the single-particle motion in spherical field and their 
interaction which depends on the quadrupole operators of the core and the particle. The computed energy spectra are in good 
agreement with the corresponding experimental data. 


1 Introduction 

Experiments have been performed on odd-mass 
nuclei to test back-bending behaviour in adjacent 
nuclei*'^. The results obtained on odd-neutron 
i55-i59£j. nucleP and nucleP are in good 

agreement with the rotation-alignment modeP based 
on ii 3^2 orbitals. The odd-proton nuclei® 

also show rotation-aligned bands based on the /in/a 
proton orbital and these bands have been observed to 
back-bend at the same rotational frequency in the even 
cores. The rotation-aligned band in ‘®®Yb nuclei"' on 
the hgi 2 neutron orbital also exhibits back-bending at 
the same point as the core. Stephens® explained the 
alignment by decoupling of the odd particle from the 
rotating core. 

In the present study, a model of weak coupling 
between an even-even rotating core and the odd- 
particle is proposed in order to describe the aligned- 
state bands in some rotational odd-mass nuclei. We 
have started from states of decoupled core-particle 
system; then after switching on an interaction, the 
deviations from complete decoupling have been 
examined. 

2 Formalism 

The Hamiltonian for the system of a single nucleon 
coupled to an even-even rotating core with an angular 
momentum R and a moment of inertia 9 is given by: 

H=^^R^ + {T+V{r)]+H;„, - (1) 

where the first term on the RHS represents the core 
rotation, the second term the single-particle motion in 
the spherical field and //;„{ is the Hamiltonian which 
describes the interaction between the core and the 
particle in the form: 

^^im=-kI(-irQ2vq2v -(2) 


The symbols Qjv and g 2 v = 4(7r/5)'''V Tjn are 
quadrupole operators of the core and particle 
respectively in the laboratory system. The parameter k 
describes the strength of the interaction and v is only 
even; /• is the particle position operator and y 2 v are 
spherical harmonic functions. 

The basic vectors of our model space are the 
eigenvectors obtained by vector coupling of core and 
particle wavefunctions as: 

xV (RjMrnlJMjMoimW ... (3) 

Mni 

where n, I and j are the quantum numbers of the last 
odd nucleon, R the angular momentum of the core and 
J = R+j the total angular momentum of the system 
with projection quantum number M. 

The basic vectors are the eigenfunctions of the 
unperturbed Hamiltonian 

^R(R + \) + E„,^\{nlj, RMVMjy ... (4) 

where E„ij is the energy of the single nucleon. 

The eigenvector of the total Hamiltonian H can be 
written as a linear combination of the basic vectors: 

... (5) 

where the amplitudes are found by diagonalizing 
the energy matrices for each possible total angular 
momentum J. 

The off-diagonal matrix elements of the energy 
matrix are obtained by the use of some Racah algebra 
and are given by: 
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RMyjMj} 


X <2i?00|'R0> 


{2R + \y!^ 
R J 

J 2 


Mj 


... ( 6 ) 


where Qg is the core quadrupole moment which is 
assumed to be a constant and Mj the R- and J- 
independent part and is given by: 


M\j=<J\\q2M 


X 




... ( 7 ) 


and any spherical field wavefunction can be used to 
evaluate the radial integral <}|/pl/> > . As the strength 




Fig. 1— Calculated energy levels for tQ,=0.05 and 0.15 MeV fm'^ 
obtained by weak coupling of I neutron to a prolate core for 
the multiple! R = 2,4 and 6. Die horizontal lines represent the limit of 
complete decoupling {kQ„ = 0} 


coupling parameter, the product kQo is used and this is 
related to the usual quadrupole deformation 3 by: 

kQo = {ll25(tKoymfti^ ...( 8 ) 

3 Analysis of Calculations 

First we computed the matrix elements using 

the single-particle wavefunction which is the solution 
of the usual Woods-Saxon potential and constructed 
the Hamiltonian matrices to be diagonalized for J = 1/2 
to J = 33/2 for coupling the j=l3/2, 11/2 and 9/2 
neutron states to a pure rotational ground-state band. 
These matrices include the effective single-particle 
spacings AEj which are regarded as adjustable 
parameters since these spacings cannot be extracted 
from experimental information. The strength 
parameter kQo which is related to the usual 
quadrupole deformation is also regarded as an 
adjustable parameter. We diagonalized the cor- 
responding matrices repeatedly by varying the free 
parameters so as to get an optimal fit for the measured 
level spacings. 

For kQo =0.5 and 0.15 MeV fm”^ the energy levels 
are given as points in energy-spin diagrams Fig. 
l(a&b). States of the same multiplet which form a bent 
curve instead of horizontal line (when kQo=0) are 
connected with solid lines. On the other hand, states 
which in the extreme strong limit belong to the same 
band are connected with dashed lines. The high-spin 
states with J =J^ — I in any multiplet {R and j. 




Fig. 2— Experimental transition energy {Ej-Ej.,)/2J plotted as a 
function of the spin A compared with the present theoretical study for 
the nuclei 'J^Dy and 'iJW 
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-29/2 

-27/2 


23/2- 

25/2- 


19/2- 

2V2- 

15 ^- 

17/2- 

13/2- 


157 


Dy 


•25/2 

■23/2 

21/2 

.19/2 




179 


W 


Fig. 3 — Calculated energy levels in and nuclei 


parallel aligned states) cannot interact with a state of 
lower-lying multiplet and are relatively pure. A similar 
situation appears for and 1 {R and j, 

anti-parallel anti-aligned states) where an interaction 
with states of higher-lying multiplet is impossible {R 
>j). On the same plot, we present also results of the 
limit of complete decoupling k<2o =0 (horizontal lines). 

To compare our model calculations with the 
experimental data, the odd-mass nuclei are treated 
assuming a nuclear core of even number of protons and 
even number of neutrons and distributing the single 
neutron in the valence level j = 13/2. We adjusted the 
parameters by means of a fit to the experimental levels. 
The decoupled bands have been explained in terms of 
the rotation-alignment scheme® in which the odd 
particle is decoupled from the rotating core by a strong 
Coriolis force acting on the single-particle angular 
momentum ;. As a result, this particle is aligned along 
the axis of rotation of the nucleus. 

In Fig. 2(a & b), the weighted transition energy (Ej 
~Rj~i)l2J is plotted as a function of the spin J 


beginning at 13/2 for the 5/2-based bands for 
the odd-neutron nuclei ^^’Dy and As expected, 
the weighted transition energy deviates from linearity. 

The comparison between the experimental data‘°’“ 
and our theoretical results reveals good agreement 
[Fig. 2 (A&b)]. The agreement for the nucleus is 
not as good as for ^^’Dy. In ^^’Dy, the regular AJ = 1 
energy spacing is lost in the extreme low k limit; so theJ 
plus even number states are lower than the J plus odd 
number states forming the familiar decoupled band as 
can be seen from Fig. 3. 
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An attempt is made to investigative the probability ( n) of phase orientation by treating the phases as resistors aligned 

alonsand perpendicularto the direction of heatflowinheterogeneousmulti-phasesystems.Thetheorydeve'oped is used to 

estimate the effective thermal conducti'ity of two- and three-phase system. The values of l.^estimated through the present 
method are in good agreement with available experimental data. 


1 Introduction 

The flow of heat energy through heterogeneous 
mixtures depends not only upon porosity, grain size 
and thermal conductivity values of constituent phases 
but also on the geometry of phase distribution. A com- 
plete description of thestructure is possible in ordered 
systems only. Nevertheless, for a random mixture, it is 
a usual practice to consider the probability of asocia- 
tion of any phase with the other one during the energy 
flow. To describe the phase distribution in a two-phase 
mixture, some workers have empirically defined a 
termformation factor*"*. However, no serious attempt 
is made to find the material structure and orientation 
ofphasesduringtheflowofheat.Anumber of workers 
in the field have estimated the effective thermal con- 
ductivity ( ), of random two-phase mixtures^'** avoid- 
ing details of the material structure. In addition, a sec- 
tion of researchers assumed a regular geometry 

Several workers’'’-'-'’ considered the probability of 
phase orientation ( n) for estimation of of nvo-pha.se 
systems. Chaudharj’ et on considering phases as 
resistors, obtained an empirical relation for u for a 
two-phase mixture but apart from making certain 
qualitative predictions about lu they could not exploit 
it for estimation of ?.e. In the present study, an attempt 
is made to extend the approach of Chaudhary e/a/.'"’ to 
multi-phase system.s, where we first find an e.xpression 
for /rand then determine of multi-phase system.s. 


the weighted arithmetic mean and that of perpendicu- 
lar layers ) by weightedharmonic mean. The 
corresponding expressions are: 

X, = Iki6,- ...(1) 


and 



where 


I<^/= I 

I 

The effective thermal conductivity (X^ ) of a multi- 
phase system will obviously lie between these two li- 
mits. An expression of proposed by Chaudhary cl 
aV^ for a txvo-phase system is the weighted geometric 
mean of X; and ^ : 

Xc = Xr?,'T'’ ...(3) 

where n may be thought as the probability of phase 
orientation factor of the mixture. 

Taking logarithmic differential of Eq. (3) and then 
substituting the x-alues of d X j- and d X obtained from 
Eqs ( 1 ) and (2) in this expression, we get 


2 Theory 

In order to obtain a formula for the probability of 
orientation of phases ( /i), let us consider that the ther- 
mal conductivities of the constituent phases are 

X X,. X, and X,. havingx-olumefractions <J> , 

. . . and 0 , respectively. The mixture is suppo.scd to be 
made up of layers oriented parallel and perpendicular 
to the direction of heat flow alternately. The effective 
thermal conductivity of parallel layers ( Xj) is given by 


dX.. 


^Ix.d<f., -(I-/t)X, 


.(4) 


2.1 Two-Phase Systems 

Incaseofatwo-phasesystem, /= -i- 6: 1 

(because 1). and let ^, = - d(), = d6. Thus 

We find an expression for two-phase .systems 
as: 
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1 j I— I 

Xe dfj) 0(j) \Xi j 


— {X| Xt ) 


1 dX, 

X, d(j) 

and 


Hi j. ilzJhl-i 
X, x,x, ” 


X 2 ) 


HIl + 0 ~ 

X X 1 X 2 


Xi 




X, X J, 


X| Xt + Xi Xj^ 


Similarly, for the above mentioned values of if we also 

find i.e. as ^ 0.5. Eq. (5) yields 
09 


...(5) 


1 ax, ){x, + X 2 f 


+ 2 


(Xi X 2 ) 

{X 2 + X, ) 


( 10 ) 


Now,,Eq. (5) must satisfy the phase boundary condi- 
tions, i.e. a two-phase system must tend to either solid 
or fluid phase as (j) approaches zero or unity 

i.e. As (j) — 0, X„ — X , and X ^ also — X j 

Similarly 

as (|» -* 1, X^ X 2 and X,, also -* Xj 

Effectively the above two boundary conditions are 
mathematically equivalent to 

(i) ^ 0, X„ X X 
and 

(ii) (j)-^ l,Xx -’X,, 

Substituting these conditions in Eq. (5 ), we get the fol- 
lowing two different relations for limiting porosity va- 
lues and 1) 


X, a(j) a(})'"[ 4X1X2 
because 

(e + (1 ~^) 1 2 

K X, j‘"(X2 + X,) 

1 9X 

One notes that - gives equal slopes at (|), and ({>2 
X 09 

through Eq. ( 9). The variation in ^ for (j) 0.5 affects 

f— 1 

dn 


only in Eq. ( 10). Thus one has 

an 


ax, 


ax, 


...( 11 ) 


Substituting Eqs(9)and(ll)inEq.(5)andon simplify- 
ing we get 

[ n . {1-n) ] 


[(1 -(j), )X, + (|), X 2 (1 -(j), )X2 + (j>, X, 
_\ n ^ (1-n) 


...( 6 ) 


[4), X, + (1 - (|), )X2 X 2 +(l-^i )X, j 

...( 12 ) 

Evaluating n from Eq. (12), 


1 


(7) „=■ 


l<i>iXi-+(l ({)i)X2 (1 <j>i )Xi + ({)| X 2 


Here we have used the notation /z, instead of zz, as the 
former depicts the orientation of the layers for fixed 
extremum porosity values. Eqs (6) and (7) become 
equivalent as X II -*■ X^, which also means that the two 
slopes given by these expressions are equivalent for 
4> “*0and 1. On equating Eqs (6) and (7) we find. 


1 1 

l<j)i Xi + (1 — (j)i)X2 { 1 — (j)i) Xi + <j>i X 2 


-=i 


^.(13 


Thiscanbefurthertested.As«|)-*0.5,Xj Xx‘*X, X 2 and 
Eq. (8) also yields 


n, = i 


...(14) 


...( 8 ) 


For intermediate values of n is found as follows. Let 
us consider two values of (Jt around the point<{) — 0.5, 

0 X 

such that (J)] + <|)2 = 1. At these values of 4>, 

09 

should nearly be same, as d(l>i = — d ^ 2 . Thus, 

^ ^ ^ /9) 

Q'l' a*;., 3(1)2 


2.2 Three-Phase Systems 

In a three-phase system, z= 1 , 2, 3, (j) , -P (})2 + <1'3 = 1 
and d 93 = — (dtj), + d(|) 2 ). For such a system, Eq. (4) 
reduces to; 

^dX, |(X,-X2)d(l., + (X2-X3)d({.2| 


-(I - n)Xx^ 




...(15) 
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Let US assume that there is a dilute dispersion of the 
phases X i and Xj compared to the dominant phase X 3 . 
Here, d<})i = d(j) 2 ==d(j) and X,, — X . Using these limit- 
ing conditions for a dilute dispersion of the phases X, 
and X 2 into X 3 at fixed values of (j), and (j) 2 , we obtain 
two limiting expressions as: 


IdX, 

Xedcj) 


n 


Xi + X2 ~ 2X3 


and 


-(1 — n) Xb 



...(16) 


IdXe 

Xed(|. 


n 


jx] + X2 ~ 2X3 


-(1 -«)Xj. 



...(17) 


Comparing the above relations, one obtains nfor the 
dilute dispersion of the phases Xj and X 2 as: 


n 


Xu X 


i 


X||XjL + 


(2X3 X| X2)XiX2X3 I 
1 X2X3 + X1X3 — 2X1X2 j 


...(18) 


This expression estimates n for a three-phase system 
and then X^ of the system may be obtained through Eq. 
(3). When X, = X 2 (i.e. system turns to a two-phase 
system), Eq. (18) reduces to Eq. ( 8 ). 

3 Comparison with Experimental Results and 
Discussion 

To test the validity of the values of n estimated by 
the different expressions, we chose different natural 
systems. Eq. ( 8 ) predicts relative orientations of the 
two phases to form parallel and perpendicular zones 
of resistors. This value of n substituted in Eq. (3 ) yields 
the value of X^. Dispersion of parallel and perpendicu- 
lar zones of resistors for a three-phase system is pre- 
dicted through Eq. (18). These v^ues of « used in Eq. 
(3) estimate X^. 

Values of Xg estimated for the two-phase and three- 
phase systems are reported in Tables 1 and 2 and com- 
pared with experimental values. It is observed that by 
using Eqs (3 ) and ( 8 ), the percentage of deviation of the 
calculated value of X^ from the experimental data is 
minimum compared to other methods. Further, the 
validity of the relations is tested over three categories 
of dispersions. It is found that the proposed equations 
are equally good over the whole range of dispersion. 

The validity of Eq. ( 18 ) is checked in Table 2, where 
values of X^ obtained by different methods are com- 


Table 1 — Comparison of Calculated Values of X^ (Wm” ' K ' ) with Reported Results for Two-Phase Systems 


System 

X J / Xj 

<1- 

n 




Value ofX,, 







Exptl 

Maxwell’s Deviation 

Cheng’s 

Deviation 

Present 

Devation 






relation* 

from exptl relation'* from exptl 

relation 

from exptl 





Category I 

data (%) 


data (%) 


data (%) 

Bismuth powder/ 

(i) 21.64 

0.05 

0.0898 

0.4331 

0.4355 

+ 0.8 

0.4814 

+ 11.2 

0.4273 

-1.3 

silicone rubber''’ 

(ii) 21.64 

0.16 

0.1900 

0.5897 

0.5708 

-3.2 

0.6438 

+ 9.1 

0.5803 

-1.6 

Lead power/ 

(i) 90.18 

0.05 

0.0599 

0.4626 

0.4426 

-4.1 

0.5108 

+ 10.5 

0.4461 

-3.6 

silicone rubber''’ 

(u) 90.18 

0.16 

0.1675 

0.6626 

0.5956 

-10.2 

0.7132 

+ 7.6 

0.6991 

+ 5.5 

Aluminium powder/ 

(i) 532.08 

0.05 

0.0517 

0.4743 

0.4449 

-6.2 

0.5238 

+ 10.5 

0.4782 

+ 0.8 

silicone rubber''’ 

(ii) 532.08 

0.16 

0.1613 

0.7651 

0.6026 

-21.3 

0.7439 

-2.7 

0.9107 

+ 9.0 

Nickel powder/ 

(i) 234.48 

0.05 

0.0538 

0.4590 

0.4449 

-3.0 

0.5214 

+ 13.5 

0.4620 

+0.7 

silicone rubber''’ 

(u) 234.48 

0.16 

0.1629 

0.6556 

0.6003 

-8.5 

0.7333 

+ 11.8 

0.8037 

+ 22.6 





Category II 






Cellosize/Ilexol 

3.03 

0.9 

0.2286 

0.209 

0.194 

-7.2 

0.261 

+ 24.9 

0.206 

-1.4 

plasticizer'’ 











Copper/solder'* 

(i) 5.09 

0.9876 0.1724 

78.8 

81.0 

+ 2.8 

81.0 

+2.8 

79.4 

+0.8 


(ii) 5.09 

0.9864 0.1732 

78.8 

81.3 

+ 3.2 

82.2 

+ 3.0 

79.6 

+ 1.0 


(iii) 5.09 

0.9737 0.1817 

81.1 

81.7 

+0.7 

83.6 

+ 3.0 

81.0 

+ 0.1 


(iv) 5.09 

0.9714 0.1832 

81.7 

84.9 

+ 3.9 

84.0 

+ 2.8 

81.2 

-0.6 


(v) 5.09 

0.9413 0.2035 

83.7 

86.3 

+ 3.1 

89.2 

+ 6.6 

84.8 

+ 1.3 

Rajasthan 

(i) 126.98 

0.4052 0.5 

0.336 

1.67 

+ 397.0 

1.507 

+ 348.5 

0.357 

+ 6.3 

desert sand'’ 

(ii) 126.98 

0.4394 0.5 

0.312 

1.56 

+ 400.0 

1.325 

+ 324.7 

0.333 

+ 6.7 

Blood (ST'C)’" 

(i) 0.819 

0.59 

0.5 

0.546 

0.546 

0.0 

0.546 

0.0 

0.546 

0.0 


(ii) 0.819 

0.56 

0.5 

0.542 

0.543 

+ 0.2 

0.543 

+ 0.2 

0.539 

-0.6 

Water/mineral oil’' 

4.114 

0.6 

0.5 

0.293 

0.346 

+ 18.1 

0.276 

-5.8 

0.267 

-8.9 

Glass/hydrogen” 

7.88 

0.6 

0.5 

0.459 

0.298 

-35.1 

0.293 

-36.2 

0.419 

-8.7 

Uranium oxide/sodium’' 

' 0.1 

0.5 

0.5 

29.00 

25.199 

-13.1 

37.8 

+ 29.7 

28.46 

-1.9 
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Table 2 — Comparison of Calculated and Reported Values of Xe ( W m" ' K “ ' ) for Three-Phase Systems 
•S'! ^>2 u Values of 




Exptl. 

Litchnecker’s 

Deviation 

Cheng’s 

Deviation 

Present 

Deviation 




relation® 

from exptl 

relation"' 

from exptl 

relation 

from exptl 





data (%) 


data (%) 


data (7o) 


System I; Lead and bismuth powder in silicone rubber'® (X, = 34.62, Xj = 8.309, X^ = 0.384) 

0.08 

0.10 0.1794 

0.692 

0.749 

+ 8.2 

0.814 

+ 17.5 

8.175 

+ 3.3 

0.08 

0.04 0.1522 

0.592 

0.623 

+ 5.2 

0.656 

+ 10.8 

0.596 

+ 0.7 

System II; Aluminium and nickel powder in silicone rubber'* (X, = 204.258, Xj = 90.012, X, 

= 0.384) 

0.06 

0.04 0.1089 

0.559 

0.696 

+ 24.5 

0.626 

+ 12.1 

0.634 

+ 13.4 

System III; Aluminium and bismuth powder in silicone rubber'* (X, = 204.258, X, = 

8.309, X, 

= 0.384) 

0.04 

0.08 0.0873 

0.637 

0.631 

-0.9 

0.694 

+ 8.9 

0.567 

-10.9 


System IV; Water and air 

in calcareous sandstone^'' ( X , 

= 0.6322, 

X, = 0.0275 

,X., = 1.856) 

0.100 

0.045 0.8984 

1.415 

1.379 

-2.6 

1.569 

+ 10.9 

1.445 

+ 2.1 

0.075 

0.070 0.8635 

1.380 

1.275 

-7.6 

1.581 

+ 14.6 

1.310 

-5.1 

0.134 

0.048 0.8898 

1.322 

1.313 

-0.7 

1.499 

+ 13.4' 

1.383 

+ 4.5 

0.100 

0.082 0.8423 

1.2045 

1.180 

-2.0 

1.488 

+ 23.5 

1.291 

+ 6.7 


+ 

( ) 



Fig. 1 — Variation of n with X , / X, and 

pared for three-phase systems. It is observed that the 
present model predicts the values with a reasonable 
accuracy, when the phases Xj and Xj dilutely dis- 
persed. 

The variations of nwithX] /Xj and (j) are presented 
in Fig. 1. At constant dispersion, n decreases exponen- 
tially as the ratio X , / X 2 increases. This indicates that 
the probability' of orientation of the dispersed phase in 
parallel orientation decreases compared to that of the 
continuous phase, as the conductivity of dispersed 
phase increases. Further, Fig. 1 indicates that as X, / 
^" 2 “* °o,n~*0. The dependence of n on ^ at a constant 


K, / X 2 ratio is also indicated in Fig. 1. One finds that n 
has a linear dependence on (J). The phase resistors 
oriented in parallel gradually change to a series orien- 
tation as dispersion increases. 
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Design of a Pulsed Xenon Ion Laser 

R CHARI & G CHAKRAPANI* 

Department of Physics, Indian Institute of Technology, Kanpur 208 016 
Received 8 April 1986 

The fabrication details and main operating characteristics of a pulsed xenon ion laser are reported. The lasing trans- 
itions studied belong to XelV and exhibit very high gains in the pulsed regime. Thus, the high peak power output coupled 
with the fairly long pulse widths obtainable ( < 1 ps to 50 ps) makes this laser a useful tool for many experiments in nonli- 
near optics. 


1 Introduction 

Ion lasers are suitable as sources of coherent radia- 
tion for many scientific and industrial applications^ 
Noble gas ion lasers form an important class of ion la- 
sers capable of both pulsed and CW operation in the 
visible and near UV and near ir re^ons of to the spec- 
trum. 

Most of the transitions observed in noble gas ion la- 
sers arise from singly-ionized species such as the well 
known blue, green lines of Ar . Transitions from mul- 
tiply ionized species are more easily excited in the 
pulsed mode due to the higher currents required. 
Among these transitions, is a set of lines belonging to 
xenon laser most powerful in the pulsed mode. The 
highest power output reported so fer in these lines is 
80 kW (Ref. 2). 

* Present address; Department of Physics, Alabama A&M Uni- 
venity. Normal, Alabama 35762. USA. 


In this paper, we present the constructional details 
and characteristics of a pulsed xenon ion laser which 
can be easily fabricated in the laboratory to give up to 

1 kW of peak output power in the visible region. 

2 Plasma Tube Construction and Processing 
The average input power in pulsed lasers is very 

much lower as compared to CW lasers so that elabor- 
ate cooling arrangements for the plasma tube are not 
required. In the present work, pyrex glass tubes have 
been used to construct plasma tubes according to the 
design shown in Fig. 1. 

To a tube of required length (we used 1 m) and di- 
ameter, two tungsten pins are attached through small 
side tubes (cups). A small pellet of pure indium metal 
is dropped in each cup and melted in place around the 
pins to form the electrodes. This type of cold cathode 
has been found to be more advantageous compared 



Fig. 1 - Block diagram of the experimental set-up 
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to large, current-limited thermionic cathodes in the 
domain of high peak currents ( ^ 500 A)^. 

A large diameter tube is attached in parallel to the 
plasma tube to serve as the baUast and gas return path. 
To ensure that the discharge does not run through the 
return path, its length can be made longer by givingit a 
helical form and inserting a length of wire mesh as 
shown in Fig. 1. 

Brewster terminations of slightly larger diameter 
are attached to the plasma tube ends. The processing 
of the plasma tubes involved the following steps. Be- 
fore attaching a tube to the vacuum station, it is 
cleaned with sodium hydroxide and chromic acid. 
Then it is thoroughly washed with distilled water and 
finally rinsed with GR grade acetone. Then it is con- 
nected to the vacuum station and quartz windows are 
attached at the ends by an epoxy resin (Torr seal). The 
tube is evacuated and degassed by baking it at 150 ‘’C. 
The vacuum system consists of an oil diffusion pump 
with an LN trap attached. 

After this initial processing, the plasma tube is filled 
with spectroscopic grade xenon gas (99.995% pure) 
and the discharge is run at a repetition rate of several 
(15-20) pulses per second. This process releases the 
contaminating gases adsorbed by the glass walls of the 
plasma tube as well as the electrodes. After running 
the discharge for a few hours, the tube is flushed out 
and refilled. This process is repeated several times to 
reduce the level of contamination. To further ensure 
that during the experiment the contamination due to 
discharge-produced impurities is low, the tube is 
flushed out and refilled after several hours of continu- 
ous operation. 

Plasma tubes used in this work had an active length 
of 100 cm and total length of about 125 cm. The bore 
diameters tried in this workwere 10, 8, 6.3, 4,2.7,and 
1 .5 mm. Xenon gas pressures used were in the range 
3-20 mT. 


3 Optical Cavity 

The optical cavity has been formed using mirrors of 
equal radii of curvature of 2 m, separated by 145 cm. 
Two sets of mirrors have been used in our experi- 
ments. One set consists of a pair of Spectra Physics 
mirrors normally used with their model 165 argon ion 
laser. These mirrors are referred to as Ar + mirrors in 
the rest of the paper. The second set is a pair of He-Ne 
mirrors. 

4 Power Supply 

The excitation energy for the discharge has been 
supplied by discharging. 1.0 uF capacitor which is 

charged from a variabledcpowersupply.Thevoltage 

to which the capacitor is charged has been measured 
with an HP VTVM (model No. 4108). With 1.0 pF 
capacitor, the highest voltages used were 6-7 kV, the 
current pulse width was 10 ps. Reducing the capacit- 
ance to 0.1 pF, allowed us to reach 12-13 kV where 
discharge instability sets in and lasing stopped. The 
laser pulse widths were 5 ps and 1 ps with 1 pF and 
0.1 uF capacitors respectively. 

To initiate the discharge, a high voltage (15 kV) 
pulse is applied to the plasma tube wall through a cop- 

perwire wound round itfornearly three quarters ofits 

length, commencing from the cathode end. This pulse 
comes from an EG & G pulse transformer (model No. 
TS 1 85 ), theprimaiy of which is fed with a 300 Vpulse 
generated in a variable prf pulse generator. The cir- 
cuit is given in Fig. 2. The pulse repetition could be 
varied from 1 pulse in 5 s to 50 pps. However, during 
the experiment the laser was operated at 1-2 pps so 
that thermal and gas pumping effects are negligible. 

5 Detection System 

The laser output was monitored using a spectro- 
graph, exit slit and PIN photodiode combination so 
that power output at each lasing wavelength could be 
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Fig. 3 Tj vs tube diameter. Values of tj multiplied by appropri- 
ate scale constant 



Fig- 4- All-line power output vs pressure for different excita- 
tion voltages. Tube diameter. 6.3 mm 

measured. The output of the photodiode was fed to a 
boxcar integrator to measure the total pulse energy^. 

6 Results 

We observed lasing at the following wavelengths: 
4954.13, 5007.8, 5159.08, 5260.19, 5352.92, 
5394.62 and 5955.67 A. With Ar"^ mirrors, the 
orange line ( 595 5.69 A) lased only occasionally while 
the other six lased strongly. To study the behaviour of 
Ibis line, He-Ne mirrors were used. 

As mentioned in Sec. 2, we tried several plasma 
tubes of different bore diameters. Defining an effi- 
ciency factor (ti), as the ratio of output power at each 
wavelength to total input energy (under optimum op- 
erating conditions), Ae variation of t) versus tube 
bore diameters showed a peak around 4 mm (Fig. 3). 
The optimization of laser output has to be done 
respect to both pressure and the excitation vol- 


Table 1 - Distribution of Total Output Power at All- 

Line Optimum Pressure 

[Tube diam, 6.3 mm; excitation voltage, 4,5 kV; energy storage 

capacitor, 1 pF] 

Wavelength 

Peak output power 

A 

W 

5394.62 

131 

5352.92 

213 

5260.19 

147 

5159.08 

4 

5007.8 

36 

4954.13 

69 

Table 2 - Maximum Small Signal Gains (in dB/m) ob- 

served at Different Wavelengths 

(Tube diameter 

= 4 mm] 

Wavelength 

Capacitance, pF 


1.0 0.1 

4954.13 

5.5 11.2 

5007.8 

3.8 4.0 

5159.08 

3.8 4.2 

5260.19 

3.7 6.9 

5352.92 

8.3 12.5 

5394.62 

6.9 5.5 

5955.67 

2.7 1.0 


tage. A typical curve showing the change in output 
power with these parameters is shown in Fig. 4. It is 
further observed that lasing at each wavelength is opt- 
imized at different pressures. At the pressure where 
the total all-line output power is maximum, the dis- 
tribution of power among various lines is given in 
Table 1 . At higher pressures, the relative output at the 
following wavelengths becomes higher: 5394.62, 
5260.19, 5007.8 and 5955.67 A. At very low pres- 
sures, the output at wavelengths 4954.13 and 
5159.08 A becomes stronger^. 

We also measured the small signal gain at each 
wavelength by introducing measurable losses in the 
cavity till lasing is quenched. The values observed in 
our work are the highest reported so far^. The highest 
values of gain coefficients observed at each wave- 
length are given in Table 2. 

7 Conclusion 

In laboratory experiments (especially in spectros- 
copic applications) this laser can serve as an attractive 
alternative to the pulsed argon ion laser due to the 
wider range of wavelengths and higher peak power 
available. It can also be used to pump dye lasers effi- 
ciently®”*. 
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An experimental study of plasma density and electron temperature enhancements in the arc of a constricted type of plasma 
source has been performed at different gas pressures. At low pressures (less than 0.2 Torr), the plasma was fully ionized, the 
density maximum ( = 1 0* ‘‘cm and the electron temperature high (20 eV). Only weakly ionized plasma was formed in the high 
pressure range (0.2-1 Torr), and the density and temperature decreased by about an order of magnitude. The experimental data 
are explained on the basis of established theories of electrical discharges through gases. 


I Introduction 

Initiation of a high density plasma is always possible 
when a low pressure arc is formed between a hot 
cathode and a hollow anode. Moreover, if the 
discharge is strongly concentrated by using an 
additional hollow intermediate electrode and by 
applying a strong axial magnetic field, an enhanced 
plasma density and a high degree of ionization are 
formed ^ Also the large electric field formed between 
the electrodes may accelerate the electrons and high 
energy electrons are ejected out^. Descfiption and 
investigation of this type of plasma sources (such as the 
duoplasmatron) have been extensively discussed in the 
literature^ However, the physical processes 
governing the behaviour of the discharge inside the 
source and the theoretical explanation received less 
attention. Since the geometry of the plasma source as 
well as a large number of parameters influence the 
density, magnetic field distribution and the diffusion 
of ions in the plasma, it is extremely difficult to predict 
the optimum conditions for adopting a plasma source 
to a particular application. Hence each set-up is 
considered separately regarding the variation of its 
characteristics with design parameters. 

Previous measurements® proved that a plasma of the 
duoplasmatron type is fully ionized at certain 
pressures. The various factors and processes 
influencing the density of such plasmas are: (i) 
discharge current, (ii) radial and longitudinal electric 
'^id, (iii) ionization processes, (iv) shape of plasma 


Ffcsciu addresses: 

’ Al-Ahsa TT College, Post Box No. 2313, Hufuf, Saudi Arabia 
acuity of Science, Saraa University, Yemen 


boundaries and (v) diffusion processes toward the 
discharge tube wall. Considering these factors. Von 
Engle and Steenbeck'', and more recently Lejeune®, 
derived expressions for estimating the plasma density. 
The study of ion losses either by diffusion^ or under the 
influence of the radial electric field leads to 
expressions for electron temperature. These ex- 
pressions for density and temperature are used to 
explain the experimental data of the arc discharge. 

2 Experimental Procedure 

A schematic illustration of the plasma source is 
given in Fig. 1. It consists mainly of a gas inlet valve, a 
high energy electron source (filament) working also as 
a cathode, a hollow intermediate electrode (1 mm 
dial used for mechanical confinement of the plasma 
and a hollow anode (2 mm dia). The filament and the 


RM. 



g. l_Plasma soume layout [I.V: gas inlet valve C: cathode 
lament), I.E: hollow intennediatc electrode. P.M: permanent 
ignels. A: hollow anode. V.S: vacuum system. Dotted mes 
pLent edge of the tuBon tube. Parts: (1) cathode region. (2) arc 
region and (3) region of output plasma] 
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Other electrodes are water cooled because of the high 
temperature (2000-3000 '’0 inside the source. An arc 
is formed between the hollow intermediate and anode 
electrodes. An insulating PTFE tube is fixed between 
the two electrodes. This tube contains a glass window 
which allows observation of the arc discharge. A 
magnetic confinement is obtained using two 
permanent magnets surrounding the insulating tube. 
The magnetic field is inhomogeneous (Fig. 2) and its 
maximum is about 3000 G. Vacuum is obtained by 
connecting the anode to a vacuum system which 
produces residual air pressure less than 10“®Torr. 
Operating gas pressure is about 10 ~^-10 Torr in the 
vacuum system, as measured by an ionization gauge. 
This corresponds to a pressure of about 0.1-1 Torr in 
the arc region and 1-4 Torr in the cathode region, as 
measured by a Macleod gauge. The discharge is 
initiated by 3000 V and the arc is then self-sustained. 

Because of the high power density in the arc which 
causes excessive heating and damage to probes, 
determinations of the arc parameters are made using 
spectroscopic techniques. Arc emission spectra are 
observed using a monochromator-cum-photomultiplier 
and the output is plotted on a chart recorder. The 
hydrogen continuum intensity is used to estimate*^ the 
values of plasma density. The electron temperatures 
(Tj) are measured using the technique described by 
Griem^^. Ratios of line-to-line or line-to-continuum 
intensities are determined using the above set-up for 
calculating Tg. The output plasma (injected into the 
vacuum system) is detected by a single probe fixed at 15 
cm from the anode hole. 

3 Results and Discussion 

Following the experimental procedure outlined 
above, the variation of plasma density Np as a function 
of the gas pressure was measured. In Fig. 3, the 



(C) 10 5 OOE) 5 10(A) 

d,| (mm) 


Fig. 2 — Magnetic field distribution as measured by a fine Hall- 
probe. ((/|| represents the distance along the plasma device axis. The 
zero distance refers to the I.E. surface. A is the anode and C the 
cathode.) 


experimental data are compared with the theoretical 
prediction based on expressions due to Von Engle and 
Steenbeck"' and Lejeune**. According to Von Engle and 
Steenbeck"', the plasma density Np is related to the 
electron drift velocity (uj, the discharge current 
(I^iJ and tube radius (R) by: 


\I — 

P U6evaR^ 


cm 


-3 


... ( 1 ) 


Eq. (1) was used to find Np at different values of p for a 
fully ionized arc (low pressure) taking into 
consideration the following assumptions: (i) The drift 
velocity in the direction parallel to the magnetic field 
is nearly equal to the ion sound speed‘s, (ii) Since R is 
the electrode radius at a particular distance, the arc 
radius R^ is used instead of the tube radius, (iii) /,„. is 
set equal to /d.v The expression due to Lejeune® is 
similar to Eq. (1) except for a new factor y which 
represents the reduction of the total current between 
the cathode and the anode as a result of current losses 
caused by the intermediate electrode. In other words, y 
is the coefficient of ion losses in the intermediate 
electrode canal and it is taken to be 1/20 for the present 
ealculations where is replaced by the electron 
thermal velocity v^. It is seen that the theoretical 
predictions (curves a and c) agree within 20% of the 
experimental data (curve b). 

High pressure arc is not fully ionized’. Collisions 
between ions and neutral particles dominate and the 
electron drift velocity is nearly equal to its thermal 
velocity in this case. Applying these conditions and 



Fig- 3 — Comparison of the measured values of the plasma density 
Afp as a function of gas pressure p (curve b) with theoretical variations 
based on Eq. (1) of Von England Steenbeck’s theory (curve a), 
Lejeune’s theory (curve c) and Eq. (1) modified by changing value of 
(curve e). Variation of plasma density with pressure measured 
using single probe at 15 cm from source is also shown (curve d) 
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modifying Eq. (1), it is seen that the theoretical 
predictions agree with the experimental data over the 
high pressure ranges. However, if the value of is 
taken as the same for low pressures, a discrepancy 
between theoretical (curve e) and experimental values 
of A^p is observed. The modified formula of Lejeune 
agrees only when y is about 1/2. 

Observation of the plasma injected into the vacuum 
system yields data confirming the density enhance- 
ment at low pressure. The measurements were made 
using a single cylindrical probe which collects plasma 
at 15 cm away from the source. The ion saturation 
current of the probe (/J was used to represent the 
plasma density in curve (d). Fig. 3. The probe 
indicates also that the ion saturation current (I^, and 
consequently the plasma density ATp, increases as the 
arc current is raised up to 14 A (Fig. 4). This is expected 
from Eq. (1) since is proportional to the discharge 
current; however, the slight deviation from linearity is 
attributed to the difference between and as a 
result of a fraction of current flowing between cathode 
and the intermediate electrode. 

Rates of diffusion across the magnetic field in the arc 
are investigated at various pressures. At low pressures, 
Coulomb collisions dominate, since the plasma is fully 
ionized. Like-particle collisions give rise to a negligible 
diffusion rate, but in this case, high rates of diffusion 
are expected because of unlike-particle collisions. The 
collisions of unlike particles have high frequencies 
(~ 10®-10^s~^) at a pressure of 0.I-0.2 Torr. Because of 
the large disparity between the masses of electron and 
ion, the diffusion processes are different; electrons 
diffuse by random-walk process while ions shift 
slightly in each collision and are moved by frequent 
bombardments. However, the same rate of diffusion 



4 Variation of ion saturation current of the probe (A) with the 
arc current (/arc) at different pressures [(a) at 1 Torr, (b) at 0.8 Torr 
and(c) at 0.6 Torr] 


should be expected for both according to the law of 
conservation of momentum in collisions. Therefore, 
ambipolar diffusion takes place in the arc; 
consequently the rate of diffusion can be calculated 
using either the semiempirical formula of Bohm et 
al}h 

D^=kTJl6eB - ( 2 ) 

or the classical diffusion equation 

D,=NJJiT, + kniB^ ... ( 3 ) 

where and are respectively Bohm and classical 
diffusion rates. The specific resistivity of the plasma is 
given by^®: 

n = ... ( 4 ) 

where In A is a factor reported by Spitzer*®. Values of 
rate of diffusion calculated from different procedures 
are compared in Table 1. The difference between 
values of and is attributed to the fact that is 
used for a quiet plasma and Z)b unstable plasma. 

At low pressures, the arc becomes unstable and a 
starvation mode takes place^; therefore, Bohm 
diffusion is believed to be the dominant process. 

At high pressures, the charged particles diffuse as a 
result of collisions with neutral particles. The mean 
free-path of ions £.(-0.02 cm) is about an order of 
magnitude less than the arc length L ( = 0.2 cm) and the 
rate of diffusion in a weakly ionized plasma is given 

by Simon 

0.41/nft»iV ... (5) 

where i;, is the ion velocity and c the velocity of light 

Value of D. reported in Table 1 is at least one order of 

magnitude higher than D,. Nevertheless, ambipolar 
diffusion may not take place at high pressures since 
ions and electrons could not diffuse at the same rate as 
explained in the following. If ions collide with neutral 
particles, they will diffuse by a random-walk m 

a direction opposite to Vn (density gradient). This 
occurs in steps of a length nearly equal to the ion gyro- 
radius (Larmor radius) r^. Random-walk process 


l-Values of Diffusion Rates of Particles through 
Plasma Calculated by Different Procedures 

Value 
(cra^s 


Eq.(2)] 
Iq. (3)] 
Eq. (5)] 
iq. (Q] 
iq. (S)l 


rjxlO-*’ 

Gas 

Region 

(esu) 

pressure 



(Torr) 


2.1 

0.1 

arc 

2.1 

O.I 

arc 

6.0 

I.O 

arc 


1.0 

cathode 

— 

4.0 

cathode 


6.3 X itr* 

1.0x10“ 
0.32x10" 
30x 10" 
10x10" 
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happens also for the electrons but with slow rates 
according to the small electron Larmor radius (rL^). A 
transverse electric field (£ |) would then be set up. A 
short-circuit of this (£|) is not possible since the field 
lines are terminated by two conducting electrodes. 
Unfortunately, there is no simple solution concerning 
the problem of diffusion through a very short plasma 
in the literature. The produced field (E ) may cause the 
arc to rotate and develop instability of the plasma. It 
also must affect ion motion in a direction perpendicular 
to the magnetic field, i.e. toward the tube wall as 
discussed later in this paper. Lower rates of diffusion 
may cause the density enhancement, depicted in Fig. 3. 
The lower rate of plasma decaying to the wall results in 
retaining more particles in the plasma of the arc; hence 
one expects higher Np at low pressure. 

Investigation of diffusion is extended to the cathode 
region (region 1 in Fig. 1). Apart from the 
inhomogeneous plasma at the neck of the hollow 
intermediate electrode, weakly ionized plasma is 
formed near the cathode where the magnetic field is 
almost zero and a-T ownsend ionization takes place. 
Previous observations by Demirkhanov et al} have 
shown that the density is at least one order of 
magnitude less and the electron temperature four times 
less than those in the arc region. Consequently, we 
should expect a density about 10* ^-10*^ cm~^ and 
temperature about 5-0.5 eV in the cathode discharge 
region. Because of this low electron temperature, the 
rate coefficient of electron-molecule dissociation (for 
hydrogen) is negligible. Therefore, the neutral collision 
cross-section and hence the collision frequency Vj are 
low by less than two orders of magntitude. The 
ambipolar diffusion rate (DJ is calculated using the 
known formula of Chen*"*: 


Table 1 shows that is higher than by three orders 
of magnitude even if the measurements are made at 
low pressures. This high value of may be attributed 
to the small cross-section of collisions in the cathode 
region. 

Measurements of the electron temperature (TJ in 
the arc region confirm the enhancement of 
temperature also at low pressures (Fig. 5). By 
increasing the gas pressure p (or the product Rp, where 
R is the tube radius), the temperature can be decreased 
ten-fold. is determined by using the relative line-to- 
line intensity ratio or that of line-to-continuum. The 
experimental data are compared with theoretical 
calculations based on Schottky's® and Tonks and 
Langmuir’s theories. Both the theories assumed that 
a balance must occur between ions production and 
losses. In Schotlky’s analysis, losses of ions were 



Fig. 5 — Comparison of the measured values of the electron 
temperature {TJ as a function of Rp (curve c) with calculated 
variations based on Schottky’s theory (curve a) and Tonks and 
Langmuir’s theory (curve b) 

attributed to diffusion processes. If the ion mean free- 
path L; is small compared to the tube radius (£), by 
applying Von Engle’s expression*’, analysis based on 
Schottky’s theory yields: 

(l/i?/7)** = 13.8 X 10*® aVivJv^Qy_p{TJTJ 

(l/r,)(l + IkTJe Ki)exp( - c Fi/A:rj ... (7) 

where u is a constant which depends on the gas used, Vy 
the ionization potential and Qy the collision cross- 
section. Tonks and Langmuir*® related the ion losses 
to the influence of the radial electric field and the 
following expression is derived also using Von Engle’s 
equation: 

iMRp) = \A9aVivJvXl 

•KQX^-eVyjkT^ ...( 8 ) 

where »j, are respectively the velocities of 
electrons, ions and ion sound. The last parameter is 
given by: 

Fig. 5 shows that the experimental data 
approximate closely to those derived on the basis of 
Schottky’s theory (curve a) at low pressures (low Rp) 
and to those derived on the basis of Tonks and 
Langmuir’s theory (curve b) at high pressures. These 
conflicting results are explained as follows. At high 
pressures, a large radial electric field is developed 
because of the separation of ions and electrons by 
diffusion. This field imparts to the ions a high drift 
velocity towards the tube wall. Therefore, ion drift 
velocity is not a small fraction of the random velocity 
and the Boltzmann distribution, assumed in the 
Schottky theory, is no longer valid. As a result of this 
rapid transport of the ions to the wall, the electron 
temperature required is higher than that derived on the 
basis of Schottky’s theory. Consequently, diffusion of 
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ions, under the influence of the radial electric field, 
approximates more closely to the data. 

At low pressures, ambipolar diffusion takes place 
and Schottky’s theory is thus applicable. Hence 
calculated data agree more closely with the 
measurements. The magnetic field reduces the 
diffusion rates and hence the radial electric field 
required to maintain ambipolar flow, is decreased. 
Therefore, ions diffuse to the wall with a drift velocity 
small compared to the random velocity and the 
assumption of Boltzmann’s distribution remains valid. 
Increase of pressure (or Rp) leads to increase of the 
effect of the radial electric field on the ion motion. At 
conditions corresponding to the point of intersection 
of cuwes (a) and (b) in Fig. 5, the effects due to the 
diffusion process and the electric field equalize. At 
pressures beyond this level, the influence of the radial 
electric field dominates and hence one could explain 

the agreement between curves (b) and (c) at high values 
of/^. ■ 

4 Conclusion 

The physical processes governing the behaviour of 
the constricted type plasma source depend mainly on 
gas pressure. Two modes for the operation are 
ound: the first occurs at low pressures and the other at 
gh pressures. In the low pressure mode, fully ionized 
p asma is formed in the arc region and plasma density 
^^^psrature enhancements are possible. 
uTusion is ambipolar and has a slow rate. At high 
pressures, gas is weakly ionized and has low density 
and temperature, Diffusion is no longer ambipolar 
since random-walk process ttakes place with different 
rates for ions and electrons. Short-circuit mechanism 
oes not occur because of the very short length plasma 
termed in the arc. 

Application of the discharge theories due to Von 
ngie and Steenbeck. Schottky and Tonks and 
h ^®®iuir has been done successfully. It is concluded 
th^^' limits of the present experiment, the 

cones can be used to explain the processes which 
6ct the parameters of the constricted type plasma 
oarces. The theory due to Schottky is valid only for 


the low pressure mode, while Tonks and Langmuir’s 
theory describes the high pressure mode more closely. 
Moreover, Lejeune analysis fits the data if the 
coefficient of ion losses at the hollow intermediate 
electrode canal is set equal to 1/20 and 1/2 for the two 
modes respectively. 
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Symmetry breaking by the phenomenological disappearance of phase invariance in superfluidity is exploited to study the 
formation of coherent states in phonon region of superfluid ‘‘He. The creation of higher excitation visualized from phonons in 
the system is discussed. 


1 Introduction 

Coherent states have been discovered by Schrdd- 
inger^ and used in quantum mechanical systems nearly 
a decade ago^. These in the harmonic oscillator 
problem correspond to the minimum uncertainty 
positions of momentum states, and are made use of 
when an oscillator is coupled linearly to a prescribed 
classical force^. These states find a fruitful application 
in the systematic quantum mechanical description of 
intense radiation fields for which the classical 
electrodynamics provides a valid, but incomplete 
description^. Coherent states have also been 
investigated in quantum fluids and ordered 
phenomena‘s’®. 

The coherent states become useful for dealing with 
superfluid “SHe, for the reason that this system behaves 
in some sense classically, because the boson modes 
which exist in this system are highly occupied. This way 
the function ■/'(r) describing the bose field becomes a 
classical Schrodinger field which describes completely 
many-boson systems in just the same way as Maxwell 
field describes the classical limit of quantum 
electrodynamics. 

Heisenberg® and then Nambu and Jona-Lasinio’ 
propounded that the vacuum state of a field theory 
might be less symmetrical than the basic symmetrical 
laws, i.e. the field equations. The discussions on the 
subject of breaking symmetry in field theories had led 
to the remarkable theorem of Goldstone®, according to 
which there is always a zero mass particle associated 
with a broken symmetry of a continuous group. This 
theorem has been exploited to explain the creation of 
phonons in liquid ‘‘He, giving rise to the superfluid 
behaviour at very low temperatures®. 

Here we exploit the phenomenological phase 
variance as the broken symmetry condition in 
superfluidity resulting in the creation of phonons and 
forming coherent superposition of states. The phase 
symmetry of the free Hamiltonian can be broken by the 
interaction terms of the total Hamiltonian. So this 
approach of broken symmetry leads us to the 


production of phonons and the translation of Boson 
field operator. The creation of phonons is thus a 
dynamical effect taking place between two particles or 
sub-systems. In this way, we have gapless excitations in 
the limit of vanishing momentum. Mathematically it 
means that by imposing some asymmetric condition 
on the vacuum state phonons are created and the 
vacuum state changes into a different possible ground 
state. This asymmetric condition violates the law of 
conservation of Hamiltonian. 

The study of phonons in the superfluid ‘‘He is of 
great interest, because helium is isotropic, has no 
impurities except a very small amount of ®He and there 
are no structural defects apart from vortices which can 
be usually ignored. 

2 Coherent States and Superfluidity 

The order parameter for superfluid ‘‘He is 
conventionally defined as the thermodynamic 
expectation value of boson field operator. This order 
parameter has been chosen to be the coherent state 
representation of pure quantum states‘‘’®. 

The free Bose operator for the superfluid system 
obeys the following commutation relations: 


['B(r),'I't(r)] = 5(r-r') 

... (1) 

In the Fourier representation: 


where 

... (2) 

Cojt, aA'] = [atk, atjt']=0 

... (3) 

and fli is the quantisation volume. 

When the interactions in the system of bosons are 
switched on via the interaction Hamiltonian, a 
translation of the operators occurs as: 

'F(r) = 4'(r)-f-a) 

OT a^ = a„-\-a. j 

... (4) 
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where a is a c-number. The theory based on Eq. (1) is 
invariant under this transformation. Translation or 
I displacement term was used by Glauber^”, because Eq. 
(4) can be induced by a unitary operator of the form: 

/)(a)=exp.{o!tatfc-a?flJ ••• (5) 

In these terms, the vacuum state can be converted to 
the eigenstate of the operator a^. 

k>=i)(a)l/,0> 

where 

such states are called the coherent states^’^'^^ and are 
defined by; 


laji>=exp.|-|jap} 


02 




... (7) 


They are normalized, but not orthogonal. However, 
they do form a complete set^’^. Accordingly the set of 
all the states of the form: 

nk>=l(a, }>=/{,/,}> 

'I'WK'M >=.>(»•)! {'/'}> - 

form a complete set for the many boson system. In Eq. 
(8). I{'A}) are the eigen states of 'F(r) with eigen value 
'Kd which is also the order parameter. In this 
formalism, the order parameter turns out as; 

- p) 

The coherent states are most useful for dealing with 
^any-body systems in which boson modes are Highly 
occupied, i.e. those systems which behave in some sense 
c assically*\ Such a validity of classical description for 
6 many-particle-Bose system implies superfluidity, 
ccordingly superfluidity is a phenomenon best suited 
Of an analysis of the properties of coherent states in the 
c assical limit. Such an analysis is slightly tedious for 
6 reason that the states are the eigenstates of 
non-hermition annihilation operator a^. Therefore to 
®ciUate our analysis, it is proper to pursue the 
^ assical limit by introducing a coordinate q and its 
^^njugate momentum p, i.e. we take 

Pfc=^(uti-ajfc) 

Tliis leads us to^ 

(g'la) = ;r-»/^exp{-i(g'-g)2+ip(g'-9)+ip"} .„(n) 


where 

a=^(g + ip) - 

and \q'y are eigenstates of the operator g*. In this 
formalism, the coherent state is a Gaussian wave 
packet centred at q in the coordinate representation 
and at p in the momentum representation.'This wave 
packet in either representation becomes very narrow in 
the classical limit, i.e. 

This means that 1i\akf remains finite as ?j-^0. In this 
way, Eq. (H) becomes a Dirac 5-function. Thus 
coherent states provide a representation for t e 
quantum mechanical or semi-classical systems. 

When the Boson mode k with occupation lad is 

large enough so that the classical approximation is 

valid, then the Hamiltonian equations of motion for 
this system are; 

dpjdt=^ -dH/8q„ dqJdt = dHldp, - (^3) 

These with the help of Eq. (1 la) and (9) give; 

d'¥*{r)_ i8H ^ _ ( 14 ) 

a'F(r) 


dij/ir) 


df 




dH 

d^*{ry dt 


If 


... (15) 


with /and (p being the real the local 

coherent state or in the classical limit/ (r) is 

density given by: 

„(r) = <T *(r), 'Ffr)) = l'Kr)i 

In terms of » and ,> (action and angle variables), we 

have Eq. (l^) 

dn{r)__m. 

dt 8(p(ry dr 8n(r) 

These are “ 

salts wil the Pbeno. 

menon of superfluidity. 

3 Brealdng NTosonsis 

The Hamiltonian of the system oi 

by; 

//=//o+77i 

where 


A. 






... (18) 

... (19) 
... ( 20 ) 
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V^(q) is the Fourier transform of the two-body 
interaction potential. If 0^ = ^'% (where 9 is some 
phase), then we find that Hq remains invariant, while 
Hi can possess a lower symmetry so that the total 
Hamiltonian of the system also possesses the lower 
symmetry. Thus, the phase change makes the 
Hamiltonian of the system asymmetric so that the 
conservation law of Hamiltonian is violated. This 
way, the ground state of the system changes 
into a different possible ground state. Since in the non- 
relativistic many-body theory, every local change of 
state can be described as a production of quasi- 
particles, the change of ground state into a different 
possible ground state is intimately connected with the 
production of phonons. The change in the phase can be 
brought about by subjecting the system to some 
external potential. In that case, the magnitude of the 
phase change equals Txt, where T is the potential and 
t the time duration for which the system was acted 
upon the potential Now the purpose of subjecting 
the system to some external potential, is to cause 
dynamic interactions between two particles or two 
sub-systems in the ground state. This results in (i) the 
formation of phonons, (ii) translation of the boson field 
operator and (iii) the production of coherent 
superposition of states. This is analogous to the 
production of higher excited states from the oscillating 
condensed boson states, wherein, when the frequencies 
of the oscillating condensed bosons become different, 
we visualize a broken symmetry or an extended non- 
compact symmetry leading naturally to the excited 
states^'*^. The transition probability from the states of 
oscillating condensed boson to the phonon states is 
given by'^: 


Again the entire phonon spectrum in superfluid ‘‘He 
is to be understood in the limit Q-^ Qo and if we go out 
of the volume limit, we are going out of the Fock space, 
in which the original boson field operators are 
defined®. Thus we consider a passive transformation, 
i.e. bringing about of a coordinate transformation in 
the opposite sense. This transformation can be 
performed in any Fock representation in which T is 
defined. 

In order to simplify the Hamiltonian of Eq. (18), we 
consider the Foldy model * ® wherein we limit ourselves 
to the case where there are only three states in the 
system, so that k', q, k take values — 1, 0, -h 1 only, such 
thatp^i=E; y+i= V; Eo = 0 and Fo=0. For F=0, the 
ground state would consist of all the N particles in the 
zero momentum state. As the zero momentum state is 
macroscopically occupied, we may take the operators 
Oq and flfo as equal to a c-number viz. where Ng 
= This is the physical assumption which 

gives rise to the superfluid character of the model*®. 
Accordingly the reduced Hamiltonian becomes: 

Hred Vg V, + No Ko)flt A 

(at, nt_, + n,a_*) ... (22) 

This Hamiltonian is further simplified by the use of the 
generators of a non-compact group SIJ(I,1) which 
describes the excited states up to the phonon level'**. 
The set of linear canonical transformation used for 
diagonalizing the Hamiltonian to solve the problem of 
superfluidity forms also a direct product of the group 
SU(I,]). The generators of this group SU(1, 1) obey the 
following commutation relations: 


^m,0 





m 


(4/sinh''0)^ 


-2A!(m/2-A)!A! 


for even m. 


2 

cosh^ 0 


(4/sinh^0)'' 


n2A+ l)!{l/2(m- 1)- A}'.(A-t- 1/2)! 


... ( 21 ) 


The displacement of boson field operator and a scaling 
transformation gives'* the excitation spectrum of 
superfluid ‘‘He, which tallies well with that obtained by 
Landau and Khalitnikov'®. 

In physical terms, we can bring about a phase change 
by rotating the entire vessel of He-II system about its 
vertical axis of rotation. Such a rotation of the entire 
vessel called an active transformation has no physical 
significance in the volume limit Q->oo. 


D'l , jz'] = - ijz D'2 . y’a] = y 1 


where y± =—[1/2+71] - 

So the eigenvalues are obtained by solving the 
Schrodinger equation: 

= ' ... (24) 


Its solution is simplified by rotating away one of the 
generators ji or 73 by a certain angle 6 about/j axis, i.e. 
bringing about a coordinate transformation to have a 
phase change as mentioned earlier. This is equivalent 
to having a Bogoliubov’s canonical transformation 
of the form: 


R[6)JiR '(0)=cosh07i +sinh6!/3 
R{d}} 3 R~ '(0) =cosh 073 +sinh 6ji 
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The value of 6, however, depends upon whether we 
rotate away from or jy This also depends upon 
whether the potential is attractive or repulsive, as for 
the attractive potential, 0 = tanh"V and for the 
repulsive potential“^’^“ 6=coth"‘R where |t=(l 
+EINoV^). With attractive potential, we obtain a 
continuous spectrum as that of the spectrum of non- 
compact generator jj and with the repulsive potential, 
the spectrum we obtain is discrete and integer spaced 
as that of the spectrum of the compact generator js 
which is also discrete and integer spaced. 

For the unitary representation, the spectrum is 
bounded from below and is obtained by solving the 
eigenvalue equation^ ^ 

J3 1 /. «> = (n + a) Ij, n> • • . ( 26 ) 


Now after the formation of the coherent 
superposition of state, we have the boson field operator 
as: 


■h'^af.expiik.r) 

Accordingly the density matrix becomes: 
p(r'r)=<‘Ft(r')‘F(r)> 


=^I<«Wexp{j/c(r-r') 



... (31) 



where 

Accordingly we get: 


From Eq. (9) we have 

p{r\r)=^'£in^'> cxp.{ik(r~r’)} + H’t(r'yP(r) ... (32) 


£, =(2n-M -blA,))£i-NoF-£t 

... (27) 

where 



... (28) 

and n=0, I, 2.... 


Eq. (28) represents the Bogoliubov spectrum. 

Thus the coherent superposition of states in the 
phonon region of the superfluid '^He are obtained by 
applying a ‘Block rotation' to an extremal (vacuum) 
state in a semi-bounded^^ unitary irreducible 
representation of the non-compact group SU (1, 1). 

i.e. 

|a;> = J?-^(0)l/,O>=e-':/^O|,;O> 


Yf jp/ 2 / ® Yfro'-bw+i)*!^ 

' ^2 j 1 F(/ - n + 1)‘^^ r(n -1- 1) 

... (29) 

with the ground state defined by; 

Jij,0>=0;e-'-l/,0> = i/,0> 

The norm of the state is given by; 





... (30) 


From the finite nature of the norm, we conclude that 
the coherent states !a„> for all values of n do span the 
Hilbert space, as in the case with jiVi,) forming the basis 
of the number operator N and entailing the complete 
orthonormal set^"*. 


and <«*> is the average number of phonons with 
momentum k. The first term of the expression Eq. (32) 
describes the normal (uncondensed) phonons in the 
system. This term on account of the oscillatory nature 
of the exponential vanishes when |r— r'l-^oo (particle 
correlations have a finite range). Therefore, it does not 
exhibit the long-range order. The second term depicts 
the phenomenon of off-diagonal long range order 
(ODLRO^^). '/^t(r)= <*Pt(r)> is an off-diagonal matrix 
element between two states which differ only by the 
addition of one phonon to the condensate. t{/{r) is the 
condensate wave function and to the extent we ignore 
fluctuations in the condensate population, i/^fr) is 
regarded as the expectation value of the operator T{r). 
The concept of off-diagpnal long range order has been 
introduced by Penrose and Onsagar^^ to generalize 
the criterion of the momentum space condensation for 
the superfluid helium. The condensation into a given 
momentum mode was speculated by London^'*, who 
assumed that the mechanism responsible for 
superfluidity should be analogous to the condensation 
in ideal Bose gas. This phenomenon of the 
condensation has a deeper relation with the 
phenomenon of coherence^-^. Again it has been 
postulated that the condition for the complete 
coherence of a radiation field is that all correlation 
functions: 

G"(x,x')= r,{pi/rt(xi), 'At(x 2 )...i/^t(x„) 

x,pf(x’X->Kx\) ... (33) 

factor completely^. Yang postulated that if fundamen- 
tal definition of ODLRO is taken to be the existence of 
some finite degrees of factorization of an nth order 
reduced density matrix in the coordinate repre- 
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sentation, then the definitions of ODLRO and the 
coherence become identicaP^. Thus we can say that the 
second term also depicts the coherence phenomenon in 
the phonon region of the superiluid helium-4. 

4 Study of Phonon Excitation in the System 

Phonon in the helium are the excitations of momenta 
less than lA“‘ and the most important of them are 
those of fairly small momenta in the form of dispersion 
curve. Phonons produced can interact and decay 
simultaneously and their coherence character is 
determined by their uniform frequencies throughout a 
state. Even if only a single phonon is produced, it has its 
coherence character because of its uniform frequency 
throughout a state. This phonon can decay because of 
the 2 ero-point motion which is always present The 
most probable type of interaction is, in general, that 
which involves the smallest number of excitations. The 
behaviour of the liquid in phonon region can be 
accounted for by considering the interactions and 
decay processes of the excitations as detailed below. 

4.1 Phonon-Phonon Interactions 

The differential coefficient dc/dp giving the 
dependence of velocity on density of the liquid is an 
important parameter in the study of magnitude of 
interaction between phonons and phonons and even 
between phonons and rotons. From the measurements 
of Abraham et 

dc/dp =Z84c/po ... (33a) 

The measurements of structure factor in '^He as a 
function of density show^^ that the liquid structure 
factor seems to be shaper and increases in amplitude 
with the increase in pressure at the temperatures 1.67, 
2.20 and 4.24 K. The X-ray scattering measurements 
used to determine changes in spatial order as a function 
of temperature at several fixed values of the density 
show^® that the structure of “^He is insensitive to the 
density. Accordingly a suitable experiment, may lead 
to c independent of p. However, so long as this is not 
well established, the dependence of velocity on density 
may be taken as valid. 

The phonons under consideration in liquid helium 
can be taken as sound waves with same frequencies 
(because of coherent nature) and different amplitudes. 
Considering two such waves with wave-vectors fej and 
lc 2 and amplitudes Api and Ap 2 each of frequency cu 
which interact such that the wave with wave-vector kj 
produces a local density variation resulting in the local 
variation of velocity of sound (phonons of different 
velocities). This change in velocity is equivalent to the 
change in refractive index which may be considered to 
produce a diffraction grating having spacing and 
orientation fixed by /c, and moving with some phase 


velocity Cj of the wave. The wave with wave-vector k 2 
will be scattered by this moving grating and the most 
intense scattered waves will be those with wave-vectors 
given by ^2 • Accordingly we can say that the two 

phonons get absorbed into one and produce a new 
phonon with energy and momentum given by; 

E 2 = Ei+E 2 and P 2 =Pi+P 2 ...(34) 

or a single phonon may decay into two with energies 
and momenta given by. 

£3 = £ 2-^1 and p3=P2-Pi ... (35) 

However, the angle between a pair of momenta is very 
small. Classically the difference between the two 
processes is that, in the first case the moving grating 
does work on the second wave, whereas in the second 
case, the grating absorbs energy from the second wave. 
So from the physical argument, we find the matrix 
elements for the phonon-phonon scattering are 
proportional to dc/dp. This factor also depends on: 
(i) the energy of the phonons involved and (ii) the 
relative directions of their wave-vectors. But the three- 
phonon process in liquid helium mentioned above 
seems to be unlikely, because of the fact that the 
phonons are the longitudinal waves with the same 
dispersion relation E=cp and c decreases^® with the 
increasing value of p. Accordingly it is impossible to 
satisfy both the above conditions for thermal phonons. 
This is because, the slight curvature in the phonon 
spectrum results in an energy deficit for the three- 
phonon process which makes it impossible to satisfy 
simultaneously the above conservation laws. However, 
because of the finite life-time of the thermal phonons, 
their energies are not sharp, therefore, the energy 
certainties may be sufficient to permit both conditions 
to be satisfied by a three-phonon process. In particular, 
when one of the phonon is a low energy quantum of 
sound, the deficit may be quite small^°. Under this 
situation the three-phonon process may be possible. If 
the curvature of the spectrum in the phonon region is 
expressed in terms of the constant y, then the energy 
deficit for the three-phonon process with one of the 
phonons being a low energy quantum of sound is^°: 

AE=3yp^ti(o ....(36) 

where p is the momentum of thermal phonon and co the 
angular frequency of the sound wave. Hence the 
simplest permitted reaction would appear to be a four- 
phonon process. Landau and Khalatnikov' ^ obtained 
by considering the four-phonon process, the dispersion 
curve for the superfluid “He for a small value of p 
(momentum) as: 

E=cp{l—yp^) ...{37) 
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4.2. Spontaneoos Decay of Phonons 

As mentioned earlier, a single phonon if present and 
having no scattering process therein, can decay into 
two phonons according to the conditions: 

£i=£2+£3;P,=P2+P3 ...(38) 

These conditions for E=cp for all p exactly linear 
reduce to 

Pi=P2+P3', Pi=P2+P3 -(39) 

This can only be possible if the velocities of phonons 2 
and 3 are smaller than those of the first phonon and the 
angle between them negligibly small, otherwise the 
phonon is stable against decay into two phonons for 
the reason that the above relation does not hold good. 
This result can be generalized and we can say that the 
decay into any number of phonons is impossible only if 
all the phonons have velocities greater than the 
velocity of the original phonon. Thus, for a general 
dispersion law, when a phonon decays, at least one of 
the phonons produced must have a lower velocity than 
the original phonon. 

For low energy phonons, the velocity increases with 
the increasing energy. These phonons with increasing 
energy therefore, always have velocities greater than 
the velocities of all phonons of low energy. Hence the 
decay process is possible, however, the difference in 
their velocities is very small. For phonons of higher 
energy, the velocity starts to decrease during decay 
process and some of the lower energy phonons have a 
higher velocity. The decay possibility then becomes 
restricted and above some critical energy Eq, phonons 
become totally stable against decay. At this stage, there 
is only the interaction of phonons and this interaction 
of attractive nature can lead to the bunching of phonon 
excitations. This bunching of phonons results in the 
creation of the roton like excitation. So we can say that 
the roton excitations are the outcome of the bunching 
of phonons. Accordingly the critical energy at which 
the phonons become stable against any decay can 
correspond to the minimum energy required for the 
creation of rotons. This is vivid from the fact that the 
value of the critical energy at which the phonons 
become stable against any decay into a large number of 
phonons as found by Dyne and Narayanmurti^^ at 
zero pressure is 9.5 K, and as found by Maris^^ is 
9.86 K, while the minimum energy required for the 
creation of roton as calculated from the thermody- 
namic data is given by: 

A 

r-"=9.6K 

and this as calculated from neutron scattering data 
is”: 



The theory of roton excitation is still far less developed 
compared to the theory of phonon excitations in 
superfluid '‘^He. According to Anderson^® vortex 
nucleation in superfield “^He is the biggest puzzle in its 
theory and hence the dynamical formulation of the 
energy gap needed for the roton excitation is still to be 
understood by a refined microscopic theory. Much 
trouble in this regard crops up whenever one wants to 
describe the overall spectrum of the system. Landau^’ 
tried to obtain some justification for the spectrum from 
the study of quantum hydrodynamics. However, this is 
not a complete detailed atomic approach. Encouraged 
by the idea of the existence of a complete analogy 
between the production of hadrons and the creation of 
excitations in condensed matter physics^®, one of us’ 
has formulated a theory of roton-like excitations in He- 
ll exploiting the three-dimensional rotation group and 
by introduction of roton operators, to incorporate 
roton-like excitations including many states in the 
roton region of Landau spectrum of superfluid “^He. 
Recently two of us^”* used the second quantized 
technique to study the thermodynamic behaviour of 
roton-like excitation in liquid “^He. The temperature 
dependence and density dependence of the energy gap 
needed for roton-like excitations are obtained from 
this model and it is found that the temperature 
dependence of the energy gap is more or less in 
consonance with the results obtained experimen- 
tally^’. 

5 Conclusion 

The phenomenological phase variance is the broken 
symmetry condition for superfluid '^He. This phase 
variance causes a translation of the boson field 
operator and produces the coherent superposition of 
the states. The phase symmetry of the free Hamiltonian 
is broken by the interaction terms of the Hamiltonian. 
Setting in of the interaction within the system can be 
treated as the dynamical effect taking place between 
the particles or the sub-systems, resulting in the 
creation of phonons and violating thereby the law of 
conservation of the Hamiltonian thus breaking the 
symmetry of the ground state. The phonons produced 
can decay into a number of low energy phonons or 
interact among themselves. At the stage when the 
phonons become stable against any decay, there are the 
possibilities of the bunching of phonons leading to the 
formation of roton-like excitations. 

The coherent states obtained in the phonon region 
bear a deep interrelation with those in the other sectors 
of the liquid helium system^*. The excitation spectrum 
obtained by the use of displacement of the boson field 
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operator and a scaling transformation^® tallying well 
with that obtained by Landau and Khalatnikov^’, 
lends support to this idea of symmetry breaking and 
production of coherent superposition of states in the 
phonon region of superfluid helium-4. 
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The temperature dependence of the thermal properties (specific heat, thermal diffusivity and thermal conductivity) of 
the syndiotactic polypropylene (SSP ) studied by means of the plane temperature wave techniques shows that they depend 
effectively on the temperature and the degree of crystallinity of the material. The recovery temperature of SPP from 
deformations, as well as the recrystallization temperature have been determined. The thermal conductivity of SPP is found 
to vary from 1.7 x 10-“ to 3.8 x lO""* calcm“‘s"'K~’ over the range oftemperatures investigated (300-410 K). It is de- 
duced that SPP is a good thermal insulator in this range of temperature. The deduction is substantiated by a study using a 
DTA analyser. 


1 Introduction 

The use of thermal insulation materials and sys- 
tems for industrial and commercial insulating fields is 
very important from the point of view of energy con- 
servation. For this reason, a study of the thermo- 
physical properties of SPP is desirable especially im- 
der conditions corresponding to industrial appli- 
cations, for rnmiitiizing the energy loss during the 
translational processes. 

The study of the heat capacity of different types of 
polypropylene by calorimetric methods has been 
made by several workers in the last two decades ^ 
The differential scanning calorimetry (DSC) tech- 
niques were used for tracing the recovery of the de- 
formed polymers'*. In addition, the temperature de- 
pendence of the recrystaUization kinetics for isotactic 
polypropylene (PP) has been reported"*-^. Further, 
X-ray techniques and differentia thermal analysis 
(DTA) were used for studying the PP transformations 
from one form to another as well as the effect of the 
pressure on the recrystallization temperature^. 

In the present investigation, the method of the 
plane temperature wave is used. Compared to the cal- 
orimetric methods known earlier, this method yields 
more accurate results. Since the temperature depend- 
ence of the thermophysical properties of SPP is very 
important particularly in following its crystallization 
processes and for judging its suitability for thermal in- 
sulation in industry, the results of the study will have a 
wide appeal. 

2 Experimental Procedure 

The specimens used in this investigation are 
syndiotactic polypropylene (SSP) of density 
0.821 g/cm^ which are supplied from Naga 
Hammady Sugar Factory, Egypt. For thermal mea- 
surements, disc-shaped specimens (thickness 0.4 cm 


and diameter 2 cm) were machined from a sheet stock 
material. The novelty of the present study rests on the 
fact, that our measurements are carried out using the 
plane temperature wave technique with some experi- 
mental modifications*®. One surface of the disc- 
shaped specimen is periodically heated by an appro- 
priate heat source with a small heat capacity. The tem- 
perature oscillations of the rear surface are moni- 
tored by a copper-constantan thermocouple and re- 
corded by a sensitive x-t recorder. The details of the 
experimental technique have been described 
elsewhere**. 

The phase shift (^5) between the modulated input 
heat power on one surface and the temperature 
oscillations on the opposite surface is used to cal- 
culate the thermal diffusivity' (a) according to the 
formula*^- 

0)l} „ , 

...( 1 ) 

where a> is the angular frequency of the applied heat 
source, L the thickness of the specimen and / B) is a 
correction function, where Bis the Biot number. 

The specific heat (Cp) is determined from a know- 
ledge of the absorbed heat power ( Q) and the mea- 
sured amplitude of the temperature oscillations ( 0) 
from the relation'^: 

...( 2 ) 

^ mwff 

where m is the mass of the specimen. The maximum 
error in the determination of the thermal diffusivity 
and the specific heat is 3.5%. 

The thermal conductivity {K) is determined 
according to the relation: 

K = p.a.Cp ...(S) 
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where p is the density of the sample material. The 
maximum error in calculating the thermal conducti- 
vity is consequently about 7%. 

For differential thermal aneilysis (DTA), very tiny 
granules of the SPP material imder investigation were 
prepared. These samples and an equal number of 
glass beads of nearly same weight were mixed and 
placed in a separate pan in the sample holder cham- 
ber of the Du Pont 1090 thermal analyser (instru- 
ments division, USA). The glass beads as reference 
material were chosen in such a way that it matches the 
SPP sample as closely as possible in thermal propert- 
ies (thermal diffusivity, specific heat and thermal con- 
ductivity) and does not possess any chemical, phase 
or structural changes over the whole temperature 
range of the experiment. The DTA runs were carried 
out at a heating rate of 20 K/min over the temperature 
range from room temperature to about 420 K. Anew 
sample was used for each DTA run to avoid structural 
transformations that may have occurred in the pre- 
ceding cycle. 

3 Results and Discussion 

The specific heat of SPP ( Cp) is plotted against the 
temperature ( K) in Fig. 1. It is seen that Cp varies 
non-uniformly with temperature. Cp increases slowly 
with temperature up to about 3 5 0 K (point b ). This in- 
crease may be due to the thermal agitation of the 
structure molecules. 

Above 350 K, a slight decreasein Cp takes place with 
increasing temperature up to about 390 K (point 
c).This decrease of Cp in this range of temperature 
(350-390K) could be interpreted as due to the molec- 
ules rearranging themselves to a perfect order. In 
other words, at about 3 5 0 K, the material begins to re- 
cover from the deformations that existed in the SPP 
specimen before the experiment started. This behav- 
iour is in good accordance with the observation that 
the recovery temperature of PP is"* 353 K. This re- 
covery process continues up to 390 K when the SPP 
material is expected to be completely recovered from 
deformations. 
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On raising the temperature above 390 K, a sharp 
increasein the specific heat is found.This behaviour is 
similar to that of semicrystalline samples. The rate of 
increase becomes smaller as the crystallinity becomes 
higher. Consequently, one can deduce that the re- 
crystallization process begins about 390 K. The re- 
crystallization process continues with further in- 
crease in temperature up to about 410 K (point d). 
Above 410 K, the specimen gets softened and no fur- 
ther measurements could be performed by the 
method chosMi. 

TheDuPontDTAanalyseris allowed to scan theSPP 
specimen over the range of temperature 300-420 K. 
Atypical thermogram of the DTA results (A T against 
T) as well as the variation rate of the specimen tem- 
perature(d T/dtvs r)areshowninFig.2.Itisot7served 
that the DTA curve flattens around 350 K and the 
curve of d T/dr vs T shows a peak in that region. Fur- 
ther, the DTA curve indicates a phase change above 
390 K. This phase transition can be attributed to the 
recrystallization of the specimen material. This is sub- 
stantiated by the steep rise shown by the dT/d/ vs T 
curve above this temperature. These results are in 
good agreement with the results reported by Kardos 
et al? The DTA studies also support the deduction 
made on the basis of the variation of Cp with T report- 
ed in this paper. 

However, it is still uncertain in the case of PP, 
whether the differences between syndiotactic (sam- 
ple studied in the present study) and other types of 
atactic and isotactic polypropylene measured by 
some investigators^” ^ are due exclusively to a differ- 
ence in tacticity or whether they are ascribed to a dif- 
ference in the molecular structure of the polymer 
chain. 

The thermal diffusivity (a) of SPP is measured in 



Fig- 2— DTA thermogram of SPP together with the variation 
rate of the specimens temperature (d T/dt) as a function of tem- 
perature. 
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the temperature range from 320 to 410 K. The varia- 
tion of awith temperature is shown inFig. 3. The var- 
iation of awith Tis in accordance with the variation of 
Cp with T.This lends support to the deduction regard- 
ing a phase transition at about 350 K and the process 
of recrystallization around 390 K. 

It is unfortunate that we are unable to cite any 
published work which could corroborate our findings 
about the variation of thermal conductivity with tem- 
perature. While our studies have used the latest and 
accurate plane temperature wave technique, earlier 
studies have followed techniques which cannot be fully 
relied upon to yield accurate results. The therm^ 
conductivity {K) variation with T is shown in Fig. 4. 
The values of K were calculated from measurements 
of the density, the specific heat and the thermal diffu- 
sivity using Eq. (3). The behaviour of K with increas- 



Fig. 3— Variation of thermal diffusivity (a) of SPP wth increas- 
ingtemperature 



Tim^iratura IT),K 

Fig. 4— Variation of the thermal conductivity {K) of SPP with 
temperature 


mg the temperature is nearly similar to that of Cp in 
Fig. 1. The values of K were found in the range from 
1.7 X 10~'’to3.8 X 10~‘’calcm~*s“*K~^forthe tem- 
perature range studied. The abrupt change in iCat 3 90 
K is, again, attributable to the initiation of crystalliza- 
tion kinetics. 

The recrystallization temperature (7^^) lor SPP as 
observed in this study is about 390 K. Unf^ortunately, 
published data do not exist for a comparison. How- 
ever, Kardos et al? report that recrystallization 
kinetics starts forPP at about 395 K. This observation 
is consistent with our observation within limits of ex- 
perimental error. On the other hand, the recrystalliza- 
tion temperature for isotactic PP was found by 
Carfagna et al? to be 430 K. This difference in the 
recrystallization temperature could be attributed to 
the difference in the degree of crystallinity between 
IPP and our specimen Therefore, one can conclude 
that the thermophysical properties of PP depend ef- 
fectively on the degree of the specimen crystallinity. 

We conclude on the basis of our observations that 
the SPP material is a good thermal insulator and that 
its structure indicates that the polymer chain alter- 
nates regularly. The recovery temperature ( 2J) and 
the recrystallization temperature (T„) are at about 
350 K (lower than that for PF) and 390 K (lower than 
that for IPP®) respectively for this substance. Both 
these temperatures depend on the degree of crystal- 
linity of the polymer under investigation. 
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The electric field dependence of the specific heat of an anharmonic doped ferroelectric crystal is calculated i its para- 
electric phase using the author’s earlier approach [Indian J Pure &Appl Phys, 23 (1985) 261]. A cross term of defect 
parameters with electric field and anharmonic parameters is obtained. The combined effect of the defect and field 
dependence upon specific heat can be observed in presence of anharmonicity. In the vicinity of the Curie temperature, the 
Cochran soft mode is held responsible for the anomalous behaviour of the specific heat. 


1 Introduction 

In a previous paper*, hereafter referred to as I, we 
discussed the electric field dependence of the specific 
heat of displacive ferroelectric materials such as 
BaTi03, SrTiOj etc. in the paraelectric phase in 
presence of an external electric field, using Kubo for- 
malism and Green’s function technique^, taking into 
account only the contribution of soft modes towards 
specific heats. The present study differs from I in that 
now the crystal is also isotopically disordered. The im- 
purities introduced are characterized^ by a different 
mass than the host atoms and with modified nearest 
neighbour harmonic force constant around their 
sites. The effect of mass change and force constant 
change between impurity and host lattice atoms due 
to the introduction of defects is taken into account. 
Their influence on the anharmonic coefficients in the 
Hamiltonian is neglected. The combined effect of the 
field and impurity dependence upon the soft mode 
frequency and hence upon the specific heat is ob- 
served in presence of anharmonicity. The results are 
in agreement with those from the experiments'*”’. 

2 Hamiltonian and Green’s Functions 
The modified Silverman Hamiltonian of displacive 
ferroelectrics in the paraelectric phase which in- 
cludes defects, domiriant third- and fourth-order an- 
harmonicity and highi order electric moment in an 
external electric field I can be written as 

...( 1 ) 

where H denotes the Hamiltonian for a pure an- 
harmonic ferroelectric crystal in presence of an exter- 
nal electric field and is exactly given by Eq.(3.1 } in I. 
1^0 is the defect Hamiltonian and it involves the effect 
of mass change and harmonic force constant change 


between the impurity and host lattice atoms due to 
substitutional defects and is given by^ 

Ho = - ^(0, 0)5^5;; + ^£>(0, 

-n^oX+ftKY+nz ...(2) 

with 

X=ZC{k\0)Bi ...( 2 . 1 ) 

k,X 

y=ZD(H0)4 ...(2.2) 

and 

Z= Z [Z9(/cU2)AX 

*1 ,k2,l 

+ z [D[k’{,kl)KAl 

k,,k2 

-C(/cr,/c«)B,X] •••(2.3) 


Here X = a, 0; for acoustic and optic modes 
respectively. 

The defect parameters C{k^., kA and D[k], kq) 
depend upon the changes in the mass and force con- 
stants due to the substitutional defects respectively 
and are given by 

CikiAi) = -;^Mo/2N){(Ok,(Ok2)'^^^{ki)e{k2) 

111 


X 


N 

Z/xexp. [i(k, + k2).R(/)] 


-Zexp.[i(ki + k2).R(i)]j ...(2.4) 
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and 

X S [A<I>„^/r)/Mo]xe(fc,)e(* 2 ) 

lal'fi 

X exp. [i{ki.R( /) + k 2 .R( /')}] . . . (2.5) 

where e{k) is the polarization vector, R(/) the equi- 
librium position vector of the /th atom, Cik^, kj) 
vanishes when nis either zero or N. denotes the 

force constant change, I and /' refer to the impurity 
and its nearest neighbours and ^ - [MM AM — M)]. 
Mq is the weighted harmonic mean of the masses of all 
atoms and is defined by the relation 

l/Mo = f/M’+{l- fl/M ...{2.6) 

with /= n/N. Here Nis the total number of atoms in 
the crystal whose (N— n) lattice sites are occupied by 
atoms of mass M while n sites are occupied by ran- 
domly distributed substitutional impurities each of 
mass M’. 

In order to get the effect of electric field on the soft 
mode frequency and hence on specific heat, we trans- 
form H' using the approach of I. The necessity of 
transformation has been well discussed in I. The 
modified transformed Hamiltonian ) is thus ob- 
tained as 

Hy=Hr+H^ + 2nYgE-4 ngEAlD{0, 0) • • • (3) 

Here is exactly given by Eq. (3.15) in land is 
given by Eq. (2). 

We now evaluate the Green’s function G^{t—f) 
[Eq.(3)inl] with the help of/Zj in the presence of de- 
fects and electric field, using the approach of I. The 
expression for the defect, electric field and tempera- 
ture-dependent soft mode frequency (Q(7^ £)d) is 
thus obtained as 

QA T, £)d = QA T,E) + Ql + Ql^ ... (4) 

where Q^T, E) is the field- and temperature- 
dependent part of the square of the effective soft 
mode frequency Q( T, E)q and is essentially the same 
as given by Eq. (4) in I. Qd is the contribution towards 
QA T, £)d due to defect term Ojki, ^) and £>(kj, fc) 
and its value is obtained as 

Qn = 4wo£>(0,0)+(4/cog) 

X Re S , 

^Aor-Wk ) 

+ C*{k\6)D{k\Q)]] ...(4.1) 


Also, the value of the third term g in Eq. (4) is 
obtained as 


^D,E“ 48 £’ 


-0 

0>k, 


, 2 -0 -0 
Id) -cOk^Wk, 


ZD{k\0)UB^k)-4gA^k)) 


X X! {D[ki,k2,-k)-2grpiki,k2,- k)} 

ki ki 




kj 




...(4.2) 


where 

d>l=col + 4'LC{kl-k) ...(4.3) 

and 

(bl = (ol + 4Y.D{kl~k) + BE^ 

h 

x[2iI.flk)-gT,^(k)] ...(4.4) 

k k 


3 Impurity and Electric Field Dependence of 

Specific Heat 

It i» evident from Eq. (1 ) in I that the impurity and 
field dependence of specific heat is a clear consequ- 
ence of the impurity and field dependence of soft 
mode frequency. The square of the defect, tempera- 
ture and field-dependent soft mode frequency [Eq. 
(4)] varies with the defect and electric field parameters 
in presence of anharmonicity. The presence* of these 
effects stabilizes the soft mode frequency. The tem- 
perature independent part of the effective soft mode 
frequency is due to defect [second term in Eq. (4)]. 
The relationship between this mode and the pro- 
perties of the ferroelectric and paraelectric state has 
been discussed by Cochran’, Anderson” and many 
others. The influence of defect and electric field on 
this mode also affects the interaction” of soft mode 
with other modes, thus giving rise to defect and field 
dependence of various dynamic properties. The first 
term in Eq. (4) is due to the presence of an external 
electric field in presence of anharmonicity and has 
been well described by Eq. (4) in I. The third term in 
Eq. (4) [S 25 e] gives the combined effect of defect and 
field dependence upon effective soft mode frequency. 
It is interesting to note that this term is missing if either 
defect is zero or field is not applied. 

In the absence of defects, it is clear from Eq. (4) of 
the present paper and Eqs ( 1 )and (2)in I that the pres- 
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ence of an applied electric field will increase the soft 
mode frequency and hence wUl decrease the specific 
heat, in conformity with the experimental results of 
Lawless'’. These results have been fuUy discussed in L 
In a defect ferroelectric crystal unaided by any ex- 
ternal electricfield (E = 0) the second- and third-term 
in Eq. ( 4 ) will b e missing. Thus , in the firs t approxima- 
tion for the crystal model considered here, it follows 
from Eq. (4.1) that the effect of impurity upon effec- 
tive soft mode frequency (and hence upon the specific 
heat) depends only on the changes in the harmonic 
force constants between the impurity and host lattice 
ions and can be either positive or negative, depending 
on the sign of force-constant change resulting from 
the doping of the crystal. In this approximation, the 
mass change of the impurity atom has no effect on the 
specific heat. However, when the concentration of 
impurities is high, the contribution of the effect of 
change in mass of impurity appears in the specific 
heat. The square of the magnitudes of the coefficients 
responsible for the force-constant change and mass 
change, \D\‘- and | C]^ respectively may ^ve cancella- 
tion or reinforcement effects according as they are of 
opposite or equal signs. Hence, their effect seems to 
mutually compensate each other’s effect to some 
extent. The magnitudes of the parameters Cand Dare 
responsible for the change in specific heat. The results 
are similar to those obtained in Refs 5-7. 

In presence of both the effects (the field and impur- 
ity), the combined effect of the defect and field de- 


pendence upon specific heat can be observed, in 
presence of anharmonicity. In the vicinity of the Curie 
temperature 7^, the soft mode frequency 
(Q^~ T— 7^)tendstozerothusrenderingthevalueof 
specific heat anomalously large, in agreement with the 
results of Lawless^^. 
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A Semi-Empirical Formula for the 
Total Gamma Ray Streaming through Pipes 
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The variation of total dose of gamma rays along air-filled ducted 
ilraenite concrete blocks (p=4.6 g/cm-*) has been measured for 
different duct diameters (2r) and lengths (Z,) using one of the 
horizontal channels of Egyptian Research Reactor-1 (ETRR-1) and 
’LiF (TLD) detector embedded in teflon. An empirical formula 
connecting the gamma ray streaming through air-filled ducted 
ilmenite concrete with L and r has been deduced to fit the 
experimental data. 

The most troublesome aspects of radiation shield 
design are those dealing with geometric irregularities in 
the shield. It is well known that slots, gaps, voids and 
streaming paths are often introduced inside the reactor 
shield after the conceptual design is completed. It is 
well known that in some reactor types, the radiations 
are circulated through bare pipe systems. As 
previously reported by Rockwell* that once this 
streaming is known, the average exposure rate behind 
a shield with a number of penetrations can be 
calculated. Moreover, Rockwell* showed that gamma 
fluxes escaping from an air void in a shield depend on 
the geometry of the void and the angular distribution 
of radiations emerging from the source. He reported 
the following formulae for the angular distribution of 
radiations passing through an air-filled duct of radius r 
and length Li 

(a) tpjtpo = (Spherical distribution) 

(b) (pJcpQ = r'^jL^ (Cosine distribution) 

(c) 9)^9)0 = 1.268 r^jL} (Fermi distribution) 

where 9)^ is the flux at any distance L and 9)0 represents 
the incident flux. 

However, data calculated on the basis of the above 
formulae showed a remarkable discrepancy with the 
measured data. The present study was undertaken with 
a view to deriving an empirical expression for the total 
gamma dose passing through air-filled ducted ilmenite 
concrete. 

The gamma dose streaming through ducted ilmenite 
concrete shield of density 4.6 g/cm^ was measured 
using a relatively large concrete medium. The concrete 
media used for such studies were shaped in the form of 
rectangular blocks each of 120x120x40 cm^ 
dimension. During the preparation of concrete blocks. 


particular attention was paid to homogeneity and 
identity of concrete. For this purpose, the quantities of 
each concrete ingredient were carefully measured and 
mixed in each particular case. The ilmenite concrete 
composition and relative constituents of ilmenite 
concrete are already reported in an earlier publication 
by Megahed et aF. 

Three concrete blocks each with a central hole of 
10 cm diameter, when placed in a row, provided an air- 
filled duct of 120 cm length. To construct ducts with 
different diameters, cylindrical, removal plugs were 
used. These plugs were made of two concentric 
aluminium cylinders each of 40 cm length and with the 
space in between filled with identical concrete. These 
fabricated materials were good enough to construct 
air-filled ducts of diameters 2.9, 5.8 or 10 cm and of 
length 120 cm. A perspex sample holder with special 
openings was used to fix the detectors at the desired 
position along the duct axis. A simple mechanical 
device was used to press the concrete blocks as close as 
possible and thus avoid the presence of air gaps in 
between. 

The ducted ilmenite concrete shield blocks were 
arranged in front of one of the horizontal channels of 
the ET-RR-1. It was reported by Megahed e! a!? that 
the total gamma exposure emerging from the reactor 
channel used for this study was 3.25 R/s and that the 
fast neutron flux (£'>1.8 MeV) was 8.54x10“ 
n.cm~^.s ~*. The experimental set-up was the same as 
in our earlier studies^. 

The gamma doses were measured using ’LiF teflon 
thermoluminescence (TL) detectors, each 12.7mm in 
diameter and 0.4 mm thickness. The isotopic 
abundance of ’*Li was 99,99% and that of ®Li was 0.01% 
in these detectors. The ’LiF-type phosphor had a very 
low response to thermal neutrons; hence it served as a 
detector suited for gamma-ray intensity measurement 
in mixed fields of radiations as those from a nuclear 
reactor. In addition, it had the advantage of 
accumulating the incident doses for any irradiation 
time and, therefore, could be used for measurements of 
very low intensity gamma doses’*-^. The ’LiF teflon 
dosimeters were annealed before measurements by 
placing them in a pre-heated oven at 300''C for 4 hr and 
then transferred to a pre-heated oven at SO'^C for 24 hr 
and finally left to cool gradually. 

The annealing procedure was repeated for each 
dosimeter. The ’LiF dosimeters were first calibrated 
against gamma doses using *^'Cs as the standard 
gamma source. The calibration coefficients obtained 
were used to convert the dosimeter responses in terms 
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DISTANCE (D.crn 

Fig. 1 — Variation of DJDo with duct length for duct radius (r)=5 


cm 



DISTANCE tU, cm 

Fig. 2 — Plot similar to Fig. 1 for r = 2.9 cm 

of absolute gamma doses. The response of the TL 
dosimeter was measured using a TL detector readout 
instrument (model Teiedyne Isotopes-7300). The 
stability and standardization factor during each set of 



Fig. 3 — Plot similar to Fig. 1 for r=1.45 cm 

measurements were checked using a standard 
source. This source was fixed at a specific position in 
the experimental set-up. Each measurement was 
repeated at least twice to get consistent data, with a 
view to reducing the possibility of uncertainties in 
reactor power and time of irradiation which vitiate the 
observations. 

Results and discussion — Figs 1-3 show the variation 
of DJDq as a function of distance L along the duct axis 
for 3 different values of r. The normalized Fermi 
distribution is also shown in the figures. It is evident 
that the actual rate of decrease of DJDq with L is not 
as steep as expected according to the normalized Fermi 
calculations. The normalization was done assuming 
the length of the duct to be 120 cm for all ducts studied. 
It is also seen that calculations of DJDo based on the 
formulae for spherical, cosine or Fermi distributions 
differ considerably from experimental data. The wide 
deviations between theoretical and experimental data 
may be due to the scattered components of the albedo 
and leakage doses, scattered and reflected radiations 
from the duct walls and the shield. The difference in 
physical properties of the shield and the surrounding 
medium and the geometrical factors of the design of 
reactor might also have caused the wide difference 
between theoretical and experimental data. 

The observed data could, however, be fitted into an 
empirical formula of the form corresponding to Fermi 
distribution but with the addition of a term G to take 


.'iOO 






NOTES 



Fig. 4 — Linear plot of y versus L estimating value of y for use in the 
empirical formula 


into account the scattering due to geometrical factors 
of the reactor and duct and by multiplying the term 
by a complex term which depends on various 
factors. The modified empirical formula is given by: 


= 1 -268 G [ 1 + }<r/ro) ‘ 

where C? = 1.433 x 10“* >’= value taken 

from the linear plot of y vs L (Fig. 4), r=duct radius 
and To = chemical radius (=5 cm). 

The dashed lines in Figs 1-3 represent the variation 
of DJDq calculated using the semi-empirical formula. 
One can see the good agreement between the 
experimental results and the calculated ones. 

The author is grateful to Prof. M Adib for his 
cooperation and useful discussions and to Dr A S 
Makarious for his assistance during the experimental 
work. 
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Monochloroacetic Acid in Aqueous Ethanol 
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Ultrasonic velocities in aqueous ethanol solutions of 
monochloroacetic acid have been measured in the concentration 
range 0.05-0.4 mol/1 at 25, 30, 35 and 40°C. Specific acoustic 
impedance, molar sound velocity, molar compressibility, relative 
association and solvation number have been evaluated and 
discussed in the light of solute-solvent interaction. 

From the ultrasonic velocity values of adiabatic 
compressibility intermolecular free-length (Lf), 
specific acoustic impedance (2), apparent molar 
compressibility molar sound velocity {R), molar 
compressibility (fV), relative association (R^ and 
solvation number (S^) are calculable. 

We have already reported^- data on densities, 
viscosities and some of the ultrasonic parameters like 
Pad^ <Pk and Lf of this system. In the present note, 
values of parameters like Z, R, IV, R^ and S„ of this 
system are reported. The trends of variation of these 
parameters with concentration of added electrolyte 
and temperature of measurement are presented 
graphically. 

Monochloroacetic acid was recrystallized from hot 
benzene and dried in vacuum. Melting point 
determination revealed the alpha form of the acid. The 
purified form of the acid was stored in a desiccator 
under vacuum. The desiccator was fully covered with 
black paper to prevent even the slightest amount of 
photolysis of the acid. Water and ethanol purified by 
standard methods were mixed by weight to give 
mixtures ofdifferent dielectric constants^. Solutions of 
different molarities were prepared by dissolving 
accurately known weights of the acid in a solvent 
mixture and kept for some time. The densities were 
measured pycknometrically with an accuracy of 1 in 
10 -^. 

The velocities of ultrasonic waves of frequency 
1.5 MHz in these solutions were measured following 
the interferometric method at different temperatures 
in the range 25-40°C using Mittal’s M-82 instrument. 
The error in velocity measurements is +0.03%. 

In the present system, variation of density with the 
concentration of the added electrolyte (dp/dc) is 
always positive. However, the variation of adiabatic 


compressibility with respect to concentration of the 
added electrolyte (d/Sa^/dc) is negative for solutions 
with 0.8 and 16.4 wt% ethanol and positive for solu- 
tions with 25.3, 34.4 and 54.1 wt% ethanol. The var- 
iation of ultrasonic velocity ( u) with solute concentra- 
tion (mol/1) is expressed by the equation: 

^^1 tn 

dc- 2 p'dc'^P,/ dc 

For solutions with 0.8 and 16.4wt% ethanol, the 
second term (1 /P^a) • (d^ad/dc) is more negative than 
(1/p). (dp/dc) making the term (d«/dc) positive. In 
other words, u increases with increase in concentration 
(Fig. 1). However, for solutions with 25.3, 34.4 and 
54.1 wt% ethanol, ( l/j3^^).(d^^a/dc}is positive, there- 
by making (d u/d c) negative, i.e. the ultrasonic velocity 
decreases with increase in concentration (Fig. 1) for 
these solutions. 

It is found that u increases with increase of 
temperature for solutions with 0.8 and 16.4 wt% 
ethanol. This can be attributed to the weakening in the 
already strong solute-solvent interaction with rise in 
temperature. For solutions with 25.3, 34.4 and 54.1 



C(moles/lilrf) 

Fig. 1 — Plots of ultrasonic velocity (u) vs concentration (c) for 
various solvent mixtures at 30°C. 

Curve No. Wt% of ethanol 

1 Nil 

2 8 

3 16.4 

4 25.3 

5 34.4 

6 54.1 
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wt% ethanol, u decreases with increase in temperature. 
This is probably due to the solute-solvent interaction 
being stronger compared to ion-ion interactions. In all 
these systems, the variation of u with temperature is 
always nonlinear (Fig. 2). 

The parameter Z shows a linear variation when 
plotted against c (Fig. 3). The slopes of the lines are 
found tqbe positive in solutions with 0.8 and 16.4 wt% 
ethanol and negative in solutions with 25.3, 34.4 and 
54.1 wt% ethanol. This trend is retained at all 
temperatures. The negative gradient ofZvsc plot can 
be explained from the fact that the rate at which p 
increases with c is lesser compared to the rate at which 
u decreases with c. The empirical relation, 
10 (dZ /dc) a. ( — A/fio.zd) is valid for all the solutions 
and at all temperatures. In the above relation, A is the 
constant used in Bachem’s equation and is the 
adiabatic compressibility of the solvent mixture. 

At any given concentration, Z increases linearly 
with temperature for solutions with 0 and 8 wt% 
ethanol (Fig. 4). For solutions with 16.4 wt% ethanol, 
Z first increases reaches a maximum value at 30°C and 
then decreases with further rise in temperature. The 
increase in Z with increase in temperature may be 
explained in the light of Eucken’s theory^ which states 
that there is a decrease in the number of aggregates of 
solvent molecules as the temperature rises. Con- 
sequently, water and alcohol start behaving like 
unassociated liquids as the temperature increases. 
Further, the addition of a salt to a solvent mixture 
accelerates the process of breaking of aggregates of 
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Fig. 2— Plots of ultrasonic velocity (u) vs tempcrature(7^ for various 
solvent mixtures. Legend same as in Fig. 1 



C(moles/l'tre) 


Fig. 3 — ^Plots of specific acoustic impedance (Z) vs concentration (c) 
for various solvent mixtures at 30°C. Legend same as in Fig. 1. 

solvent molecules. This process leads to the inhibition 
of propagation of sound waves due to large sized 
electrolyte molecules acting as structure promoters. 

In solvents with 25.3, 34.4 and 54.1 wt% ethanol, 
value of Z of the system decreases with increase in 
temperature for all concentrations of solute with the 
result that a high value of Z occurs only at the lowest 
temperature possible (Fig. 4). 

The molar sound velocity also known as Rao’s 
constant R for monochloroacetic acid is a linear 
function of concentration of the solute, expressed in 
mole fractions (O, except in solutions with 8 and 1 6.4 
wt% ethanol (Fig. 5). The mole fraction values beyond 
which the nonlinearity occurs, are dependent on 
temperature. These values (Cm) shift to lower ones at 
higher temperatures. This nonlinearity between R and 
c„ indicates the solute-solvent interaction. It is also 
seen that R increases with increase in temperature at 
any concentration of solute in all solvent mixtures. The 
variation is more or less linear (Fig. 6). 

For all the systems studied, the relative association 
increases linearly with increase in concentration 
(Fig. 7). This could be explained from the fact that R^ 
increases due to association of solvent molecules on 
addition of an electrolyte or due to increased solvation 
of ion of solute. In the present investigation, 
association of solvent molecules is found to 
predominate over the solvation of ions of the solute. 
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Fig. 4 — Plots of specific acoustic impedance (Z) vs temperature (7^ 
for various solvent mixtures. Legend same as in Fig. 1. 



T(K) 

Fig. 6 — Plots of molar sound velocity (K) vs temperature (7^ for 
various solvent mixtures. Legend same as in Fig. 1. 



Fig. S—Plots of molar sound velocity (I?) vs concentration for 
various solvent mixtures at 25'C. Legend same as in Fig. 1. 



Fig. 7 — Plots of relative association (7?^) vs concentration (c) for 
various solvent mixtures at 25°C. Legend same as in Fig. I. 

For all the solutions, value of ./?a decreases with 
increase of temperature (Fig. 8). This indicates the 
increase in the degree of dissociation of aggregates of 
solvent molecules with increase in temperatures. 
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Fig. 8— Plots of relative association {R/^) vs temperature (T) for 
various solvent mixtures. Legend same as in Fig. 1. 


The solvation number (5^) is calculated using the 
equation 



...( 2 ) 


where «, and are the moles of solvent and solute 
respectively, and /So.ad are the adiabatic 

compressibilities of the solution and solvent 
respectively. Values of S„ is solutions with 0.8 and 16.4 
wt% ethanol, though very small, are positive; however, 
those for solutions with 25.3, 34.4 and 54.1 wt% 


Table 1 — Variation of Solvation Number(SJ with Dielectric 



Constant of Solvent 


Wt% ethanol 

Dielectric 

Concen- 

Solvation number 


constant 

tration 





mole 

a 

b 

0 

78.74 

0.2997 

0.30 

2.64 

8 

74.07 

0.2888 

0.27 

2.09 

16.4 

70.42 

0.2999 

0.20 

0.90 

25.3 

65.36 

0.2999 

-0.01 

-5.37 

34.4 

58.48 

0.2995 

-0.06 

-3.83 

54.1 

46.73 

0.2997 

-0.07 

-3.39 


a: By using Eq. (2); b; By using Eq. (3) 


ethanol are negative. This indicates the decrease in the 
tendency of solvation of ions with decrease in dielectric 
constant of the solvent mixtures. Values of S„ are also 
calculated using the equation; 

Sa~ ~ ^kI P o.adi^^of Po) •••(3) 

as suggested by Wada et aP (Table 1) and these agree 
with the values calculated by using Eq. (2). 

The authors express their sincere gratitude to Shri R 
V K Khaimar, Principal of the College, for the facilities 
provided. 
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Measurement of Effective Thermal 
Conductivity of Food-grains at Interstitial 
Air Pressures 


measured with a laboratory-made thermal conductiv- 
ity probe^. A stainless steel needle of length 15.2 cm 
having length-to-diameter ratio 92.12 was taken as the 
probe. A constantan wire having resistance of 56.2 Q 
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Using alaboratory-made thermal conductivity probe, effective 
thermal conductivity of some food-grains has been measured at 
normal and differentinters titialairpres sures(norm al-0.5mmmer- 
cury). It is observed that at low pressures, heat-transfer through 
food-grains is poor, whereas at atmospheric pressure there is a 
marked increase in their conducting character. 

In the literature, one finds values of thermal conduc- 
tivity and diffusivity of some furits and juices*’^. The 
thermal conductivity of fruits as afunction of moisture 
content has also been measured^-''. In the present note, 
we are reporting the effective thermal conductivity of 
wheat of different varieties, rice, bajra, makka, rajma, 
soyabean, moong and masoor at different interstitial 
air pressures. Details about these grains are listed in 
Table 1. This knowledge has its usefulness from the 
storage point of view in that partial evacuation of the 
bulk may lead to better storage. 

Effective thermal conductivity of food-grains at 
normal as well as at interstitial air pressures has been 


Table 1 — Specifications of Food-Grains Used in the Experi- 
ment 


Local name 

Botanical name 

Bulk 

Bulk 



porosity 

density 




g/cc 

1. Wheat 
(i) Raj 1955 

Triticum aestimm Luin 

0.37 

0.77 

(ii) Raj 1972 


0.34 

0.84 

(iii) Raj 2184 


0.35 

0.78 

(iv) Raj 2535 


0.35 

0.80 

2. Rice 

Oo’zesafivaLuin 

0.39 

0.85 

3. Makka 

Zea mays hmn 

0.35 

0.78 

4. Bajra 

Pennisetum typhoides 
(Burm f) stapf and C.E. 
Hubb 

0.325 

0.82 

5. Rajma 

Vigna unguiculata{L.) 
Walp sub. sp. Cylindrical 
(L) Eseltine 

0.375 

0.79 

6. Soyabean 

Glycine wightii {Grah. ex. 
W and A.) Verdcourt 

0.375 

0.74 

7. Moong 

Pigna angidaris (willed) 
Ohwe 

0.35 

0.86 

8. Masoor 

Lens cultivaris Medik 

0.36 

0.83 
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Fig. 1— Variation of effective thermal conductivity (X.,.) with inters- 
titial air pressure of various wheat samples 



E'S-7.— Plots similanoFig. 1 formakka.riceandbajra samples 



NOTES 



Fig. 3— Plots similar to Fig. 1 for soyabean, rajma, masoor and 
moongsamples 


Stretched centrally along the needle and having a cop- 
per-conStantan thermocouple at its middle point 
served as the heater. The void space if any within the 
hollow needle was filled with zirconia powder. An 
ebonite handle was provided at one end of the needle 
through which leads of heater and thermocouple were 
taken out. The other end was closed with a solid metal 
cone, facilitating an easy insertion of the needle in the 
test material. The pressure chamber and circuit used 
for the measurement of effective thermal conductivity 
are already described by Pande et aL^ 

The effective thermal conductivity of the material 


in which the thermal probe is placed is given by the re- 
lation® 


K 


Q 

4n:(02 - 0,) 


Ilt(f2/;J ) 


...{ 1 ) 


where 02 and 0 j are temperatures of the probe surface 
at time ^2 and Qis the power per unit length supplied 
to the probe. 

The thermal probe was initially tested by measuring 
the thermal conductivity of pure glycerine to be 0.282 
W m~‘K~ * at IS'C. Since the value reported in litera- 
ture is 0.288 W m“ * at 20°C, the error is not more 
than 3%. 

The food-grains were used after drying. Variations 
of Xg of the selected food-grains with interstitial air 
pressures are exhibited in Figs 1 -3. We observe that as 
thepressure is reduced from normal towards 1 .00 mm 
of Hg, value of decreases. But below 1.0 mm of Hg 
pressure, there is only a slight variation in X^. The rate 
of variation of X^ with pressure is large in the range 
1-200 nun of Hg and small in the range 200 mm Hgto 
normal pressure. An explanation to this behaviour is 
already reported by Pande et aL^ 

The authors are thankful to the Agriculture Re- 
search Centre, Durga Pura, Jaipur, for providing sam- 
ples of food-grains. One of them (RSB) is grateful to 
CSIR, New Delhi, for the award of a senior research 
fellowship. 
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Migrational Enthalpies for Alkali Halides 
Using Ballistic Model & Their Dependence 
on Structural Properties 


and the subscripts f and m are associated with forma- 
tion and migration of defects respectively. 

In dealing with the experimental data, Eq. ( 1 ) is 
more commonly written as: 


SHANTA PALCHOUDHURI & G K BICHILE 
Department of Physics, Marathwada University, Aurangabad 
Received 9 December 1985; revised received 29 May 1986 

The migrational enthalpies A of alkali halides are evaluated 
by using the ballistic model developed in terms of ‘absolute-rate’ 
theory of diffusion. The enthalpy of migration is expressed in terms 
of macroscopic parameters of the normal crystal. The calculated 
values of enthalpies of migration agree favourably well with experi- 
mental values. 


There has been a great deal of renewed interest in the 
study of ionic charge transport (or conductivity) in sol- 
ids. This interest derives from the need to find new ma- 
terials with high ionic conductivity which are useful to 
develop advanced electrochemical systems. 

The conductivity o in tlte intrinsic regime where 
one mobile species dominates can be written as' 


oT = 


ANq^vA 


AS, 



-AH, AhJ\ 
2kT kTj 


...( 1 ) 


aT= Oq exp {- E/kT) ...(2) 

The objective of the present work was to test the 
validity of the ballistic modeP to find the enthalpy of 
vacancy migration A for alkali halide type crystals. 
The presently used ballistic model (BM) is developed 
in terms of ‘absolute-rate’ theory of diffusion-'. The de- 
tails of the ballistic-migrational process and the theory 
involved is explained by Van Vechten‘. According to 
the ballistic model for vacancy motion, the enthalpy of 
vacancy migration is given by 

AH^{V) = iMr^ + - ...(3) 


where h is Planck’s constant, Mthe mass of mobile at- 
om and Xn, the vibrational period of the butting atoms 
in the appropriate migration mode. The second term 
represents the phonon energy of the butting atoms in 
the migration mode and is negligibly small compared 
with the first term, because the amplitude of their vi- 
bration is not large. 

Thus, we approximate 


where A is the dimensionless geometrical factor (of or- 
der unity), Vthe number of ions perunit volume, qthe 
charge of the mobile ion, v the vibrational (or attempt) 
frequency of the effect, r the jump distance, k the 
Boltzmann’s constant; A 5 and A H are the entropy 
and enthalpy, respectively associated with the defects. 


AH^{V) = iMr^ ...(4) 

where / is the velocity of the mobile atom and is given 
by 

r= d/x^ ... (5) 


Table 1 — Calculated and Measured Enthalpies of Single Vacancy Migration 
F Cl Br 1 



00 (A') 

tsH^(eV) 

o 

CD 

AH„(eK) 

Li 

733.8 

2.5 

429.1 

2.2 

Na 

492.3 

2.4 

321.4 

2.1 

(1.56-1.86) 

K 

334.3 

2.0 

238.8 

1.8 

(1.75) 

Rb 

212.3 

1.6 

171.2 

1.7 

Cs 



159.6 

1.2 

(0.96) 


QdIA) 

^H^{eV) 

0d(A) 

AH„(eT) 

274.2 

2.2 

— 

— 

224.8 

2.0 

(1.98) 

167.8 

1.95 

174.3 

1.7 

(1.62)^ 

133.7 

1.65 

138.9 

1.6 

110.6 

1.56 

149.5 

1.4 

126.2 

1.50 


Values in parentheses arc taken from Ref. 7. 
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where d is the distance that the mobile atom jumps 
(here taken to be the interatomic spacing in the perfect 
crystal). In the Debye approximation, 

Xn, = h/k% . • . (6) 

where kis the Boltzmann’s constant, and 9 the Debye 
tern perature. Using Eqs ( 5 ) and (6 ) 

A/f„, { K) == i M( Fdk%o fhf ... (7) 

where the factor F— 1.0 is structure-dependent par- 
ameter which is to be adjusted empirically to account 
for the approximation made in the model. F(bcc) = 0.8 
and F(fcc)= F(hcp) - 0.9.TheDebyetemperature8o 
has been calculated by averaging the elastic coeffi- 
cients. The details of this method are givenin our earli- 
er papers'*'^. The values of tf are taken from "VV^ckoff^, 
The values of ^H^{V) calculated in the present 
work are given in Table 1 ; for the sake of comparison, 
the experimentally obtained values of Samara’ also 
are given in parenthesis. It should be noted that the cal- 
culated values are in fair agreement with the values ob- 
tained using the ballistic model. 


The values of A H^{V) obtained in the present 
work were against the structural microscopic propert- 
ies like ionic radii ( r), the polarizability ( a ), mass ( A/), 
Debye temperature (Od) and melting point ( ), and a 
regular behaviour was observed. The values obtained 
by the ballistic model are also in good agreement with 
those obtained from semi-empirical model of Varot- 
sos and Alexopoulous*^-^. 

The authors wish to thank the University Grants 
Commission, New Delhi, for financial assistance. 
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Optical Losses of Zr02 Films in UV Region 
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The dependence of optical losses on different evaporation 
parameters has been studied in the UV region (from 240 nm to 400 
nm) for thin Zr 02 films prepared by the method of reactive 
evaporation. Low loss Zr02 films have been achieved for UV laser 
applications above 300 nm by optimizing different process 
parameters. The optical losses of Zr02 films at different UV laser 
wavelengths have also been evaluated. 

A knowledge of optical losses of thin films is essential 
for the development of efficient dielectric high 
reflecting mirrors for different laser applications in the 
UV region from 240 nm to 400 nm. Such applications 
require suitable low loss (L^ 0.5%) high index (n ^ 2.0) 
optical films. Thin films of HfOi, Sc^Oj, AI2O3, 
2Y 2O3, AI2O3, Sb203, MgO.ALOj, Zr02 prepared by 
different evaporation processes were investigated' 
for similar applications. Very few high index films 
suitable for UV region are known and even for these 
materials data of optical losses in the UV region are 
not available for films prepared by vacuum 
evaporation. Thin films data, as is well known, are 
different from data obtained on bulk samples and 
greatly depend on the various process parameters used 
during the preparation of the films^ 

Our aim is to study and establish the dependence of 
the optical losses in the UV region on the various 
process parameters for different high index films using 
the method of vacuum evaporation which is the most 
convenient method of fabricating thin film devices. In 
this note, we report our results concerning the optical 
losses in the UV region of thin Zr02 films prepared by 
the method of reactive evaporation. The dependence 
of the optical losses on rate of evaporation, substrate 
temperature, ambient oxygen pressure, film thickness 
and chopping the vapour before reaching the 
substrate, have been studied and the results are 
presented. 

Experimental details — ^Zr02 films were deposited on 
25 mm diameter fused silica substrates by evaporating 
optical grade Zr02 using the electron beam gun in 
Balzcr’s Model BA 510 vacuum coating plant. The 
chamber was evacuated to better than 2x 10“* mbar 


• MuUi-Disciplinary Research Scheme. Bhabha Atomic Research 
Centre, Bombay 400 085 


before evaporating the material. For reactive 
evaporation lOLAR grade pure oxygen from a high 
pressure cylinder was admitted into the chamber and 
maintained at the required value ranging from 3 
xlO"^ to 5xl0“^mbar by controlling the needle 
valve and other pressure-regulating valves. Substrates 
were heated to the assigned temperature ranging from 
50°C to 400°C using the built-in resistance heater 
provided in the chamber. Rate of evaporation which 
ranged from 1 to 100 A/s was measured and 
controlled with the quartz crystal monitor. Chopped 
films were prepared by introducing a suitable rotating 
mask in between the substrate and the source. A total 
of 35 samples of Zr02 films were prepared for the 
present studies, each ’with different evaporating 
parameters. For all the samples prepared, uniformity 
of film thickness over the whole surface was found to 
be within ±2% of the average thickness. The 
transmittance spectrum of each sample substrate was 
recorded before and after depositing the film using 
Hitachi Model 330 double beam spectrophotometer 
(photometric accuracy ±0.2%). The spectra were used 
to compute the optical losses of the films deposited 
under different evaporation conditions. The results of 
some of the important and relevant spectra are 
reported. 

Optical losses of each sample film were determined 
using the transmission spectrum. A typical spectrum of 
300 nm thick Zr02 film of refractive index « 
deposited on a substrate of index j is shown in Fig. 1. 
The transmission spectrum of the substrate before 
coating the film is also shown in Fig. 1 . The percentage 
losses L of the film at wavelength 2o were determined 
from the spectrum using the relation 

L={T,-T,J 

where is the transmission of the substrate at the 
maximum peak wavelength Aq and Tpyi is the peak 
maximum transmission. ^P.VI should be equal to the 
substrate transmission if there were no losses in the 
film. The percentage losses were determined at all 
fringe maxima wavelength points where the optical 
film thickness was an even multiple of //2 and acted as 
an absentee layer. The refractive index n, and physical 
thickness t of the film were determined by the method 
of SwanepoeF using its transmission spectrum. The 
derived constants are expected to be accurate to within 
± 1% of the true values^. 

Results and discussion — The measured percentage 
losses were plotted against wavelength on a 
logarithmic scale, for all the samples of Zr02 films 
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prepared. It was found that all the results except those 
of chopped films were reproducible within experimen- 
tal errors. The reasons for the discrepancies for the 
dependence of losses on chopping are being 
investigated and hence these results are not presented. 
The results are grouped into four sets. Each set of films 
were coated under identical conditions but with one 
variable parameter. Figs 2-5 show the results of such 
sets wherein the dependence of losses of Zr 02 films on 
rate of evaporation R, substrate temperature T, 
ambient oxygen pressure and film thickness t 
respectively are shown. 

The optical losses and refractive index at 250 nm 
(-^=8% and n — 235) for our best films of 275 nm 
thickness were found to be comparable with those 




prepared by the method of sputtering^ (7. =9% and n 
=2.47). The optical losses at different UV laser 
wavelength points for our best 275 nm thick ZrOj films 
are given in Table 1. The losses of those films in the 
visible region above 440 nm were found to be less than 
0.01%. The refractive indices of these films at 248, 355 
and 515 nm were found to be 2.35, 2.10 and 2.01 
respectively which indicates that the films have 
appreciable dispersion in the UV region. 

It was found in the present investigations that, in 
general, the losses in ZrOa films decrease as the rate of 
evaporation decreases (Fig, 2). This decrease is more 
prominent as we go to shorter wavelengths. As 
expected, the optical losses are reduced at higher 
substrate temperatures (Fig. 3). For a given rate of 
evaporation and substrate temperature, the optical 
losses are reduced still further if the films were 
deposited at a particular oxygen ambient pressure, 
namely 2x10“^ mbar (Fig. 4). 

The optical losses of thin films, in general, include 
losses due to absorption, scattering and fluorescence. 



i—Denendence of optical losses of ZrOj films on substrate 
^ tiiriffa) 100°C; (b), 260°C; and (c) 400°C (ts:400 nm, R-5 

tentperatu e = 1 x 10- mbar)] 



Fig. 4 — Dependence of optical losses of ZrO, films on oxygen 
ambient pressure [(a). 5 x 10 — mbar. (bj. 1 x 10 "‘mbar, and fc) 2 
X to — mbar.(r:e550 nm, a = 5 A/s, r=300 Q] 
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Fig. 1 — Fitted decay curves for acriflavine (cone. 5x 10"* Sf) m 
presence of acceptor rhodamine B in cellulose acetate [Rhodamine B 
conc.are;{a)0A/{b)7.5x 10"^ A/(c) 1 x IQ-* A/(d)4 x 10"^ A/{e) 1 
X 10 M and (f) lamp profile] 

where t is the donor decay time in the absence of the 
acceptor, y = C,x/C^ in which is the critical transfer. 
The various fitted parameters are given in Table 1 . The 
y} values suggest that the fitting is good and the critical 
transfer distances Rq corresponding to are 
consistent for all the acceptor concentrations. 

The critical transfer distance for Forster mechanism 
of transfer was also calculated from spectroscopic data 
using the following expression: 

where is the orientation factor which is 2/3 for 
random orientation, Q the overlap integral, the 
quantum yield of the donor in the absence of acceptor 
and n the refractive index of the matrix. 

The value of Rg from this expression comes out to be 
55 A, which is in perfect agreement with the result of 
the above analysis of donor decay time. Thus, the non- 
radiative energy transfer is found to occur through 
Forster mechanism (dipole-dipole interaction). 

In Fig. 2, the various curves show the combined 
spectra of acriflavine-rhodamine B system in cellulose 
acetate for a fixed concentration of acriflavine and 
varying concentrations of rhodamine B under the same 
geometrical conditions. The exciting wavelength 
3480 A is practically not absorbed by rhodamine B. 
Therefore, the acceptor emission is largely via the 
energy transfer from acriflavine. The energy transfer 
appears to be radiative also, because the acriflavine 
band shifts to shorter wavelength with increasing 
acceptor concentration. 

The authors are thankful to the Department of 
Science & Technology, Government of India, New 
Delhi, for financial assistance. 
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Fig. 2 — Variation of fluorescence intensities of acriflavine (donor)- 
rhodamine B (acceptor) system in cellulose acetate at different 
rhodamine B concentrations [Rhodamine Cone.: (a) 0 A/ (b) 5 
xl0-*A/ (c) lx 10-* A/, (d) 2x10-* A/ (e) 3x10-* A/, (0 5 
X 10-* A/, (g) 2 x_10”^ Af and (h) pure rhodamine B (2 x 10~^ Af)] 


Table 1 — Values of Parameters Used to Fit the Fluorescence 
Response According to Forster Mechanism 



Acceptor 

Critical 


2^ 


concentration 

concentration 




Ca(A/) 

elm 




Donor cone. Cd=5 x 10-* A/ 



— 

— 

— 

_ 

1.104 

0.034 

7.5 X 10-^ 

2.2 X 10-^ 

56 

1.004 

0.054 

10-* 

1.96x10-^ 

59 

1.054 

0.177 

4x10-* 

2.3x10-^ 

55.6 

0.946 

0.230 

5x10-* 

2.2x10-^ 

56 

1.411 

0.338 

10-^ 

. 2.7xl0-> 

51 

1.120 
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Announcement 

Diamond Jubilee of the Discovery of ‘Raman Eifect’ 

The ‘Raman Effect’ made known to the world in 1928, is still an active field of re- 
search. As part of the celebrations of the ‘Diamond Jubilee’ of this discovery, the 
Indian Journal of Pure & Applied Physics is bringing out a special issue in March 
1988 devoted to ‘Raman Effect’ studies. 

Short articles not exceeding 4 pages of the journal and reporting new findings in 
this field are invited for this issue. All papers will be refereed and those recom- 
mendedforpublicationwillbeincluded in thisissue. Authors intendingto contribute 
to this issue should send advanceinformation to the editor about the title of thepaper, 
authors and institutions, by 1 April 1987. 

Manuscripts in triplicate (with one set of Indian ink drawings and two xerox cop- 
ies) should reach the editor before end of July 1987. 
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Method for Estimation of Uranium, Thorium & Potassium in Rocks 

using Gamma Ray Spectrometry 

N P SINGH, MANWINDER SINGH, SURINDER SINGH & H S VIRK 
Department of Physics, Guru Nanak Dev University, Amritsar 143 005 
Received 22 August 1985; revised received 17 November 1986 

Gamma ray spectrometric method for rapid determination of uranium, thorium and potassium in rocks using well-type 
Nal (Tl) crystal coupled to multichannel andyzer, is described. Critical sample weight requirement is found to be 16 gfor 
4 K detector geometry. Combination of gamma ray peaks at 1 .46 , 1 .7 6 and 2.62 MeV is found to be most suitable f or K, U 
and Th analysis. The experimental set-up provides a good reproducibility of results. 


1 Introduction 

The method of estimating concentration of three 
radioactive elements, viz. U, Th and K by gamma ray 
spectrometry is well known' In the U spectrum, 
the prominent gamma ray peaks at 0.61, 1.12 and 
1 .76 MeV are often employed for the analysis of ura- 
nium. In the Th spectrum, prominent peaks at 0.24, 
0.94 and 2.62 MeV are used for analysis of thorium, 
while the prominent 1 .46 MeV peak of^K is used for 
potassium^. Based on these gamma energy peaks of 
U, Th and K spectra, the combinations of gamma ray 
peaks used for analysis in various energy regions are 
as follows; 


High 

Medium 

Low 

(MeV) 

(MeV) 

(MeV) 

1.46 

1.46 

1.46 

1.76 

1.12 

0.61 

2.62 

0.94 

0.24 


Using 10.16 X 5.08 cm Nal (Tl) detector coupled to a 
single channel analyzer, Rao' has described relative 
errors in analysis with 400 g samples in 2 jr geometry 
using high energy peaks centred at 1.46, 1.76 eind 
2.62 MeV. In the present work, we have employed 
weU-type 7.62 (dia) x 7.62 cm Nal(Tl) detector cou- 
pled to highly stabilized multichannel analyzer set- 
up.Using 4 ;r detector geometry, the following studies 
have been undertaken: 

(a) The requirements for set-up (viz. the critical 
mass and background), 

(b) The comparison of errors using gamma peaks 
in various energy re^ons, and 

(c) The errors, reproducibility and comparison of 
gamma peaks in high energy region. 

2 Experimental Details 

Description of spectrometric set-up— The detector 
is an integral assembly consisting of a well-type 7.62 


(dia) X 7.62 cm Nal (Tl) crystal coupled to a photo- 
multiplier tube obtained from Bicron Ltd, USA. The 
detector offers provision for sample analysis m An 
geometry using a well-type crystal (Fig. 1 ). Resolution 
of the detector is 7.5% for '^’Cs. This detector is cou- 
pled to a multichannel analyzer (MCA) through 
preamplifier, amplifier and analog-to-digital conver- 
ter (ADC). The spectrometer is calibrated using dif- 
ferent gamma sources of known energy. 

Background reduction— A basic requirement in 
low level counting is the reduction of background ra- 



““ 7.62 cm *^1 

Fig. 1— SanipIein4;rdetectorgeometry 
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Fig. 2— Variation of count rate per hour (cph) with energy using 
differentlead shields 


Table 1 —Results of Total/Background Ratio for 
Gamma Peaks of Different Energies in 4 jr Detector 
Geometry 

Source Around gamma Total/background 

peak ( Me V) 


Uranium 0.61 1.17 

(312 ppm) 1.12 1.75 

1.76 4.83 

Thorium 0.24 4.07 

(166 ppm) 0.94 1.91 

2.62 3.25 

Pbtassium 1.46 2.22 

(26.6%) 


diations and the enhancement of total background 
(T/B) ratio. Lead shield is employed for background 
reduction. Background count rate variationin 0 to 2.5 
MeV energy region is studied using lead shielding of 
different geometrical thicknesses (Fig. 2). 

Values of T/B ratio achieved for different gamma 
peaks \vithU{312ppm),Th(166ppm)andK(26.6%) 
sources in 4 ;r detector geometry for a counting time 
of 1 hr, are reported in Table 1. 

Critical mass studies— To find out the minimum li- 
mit for sample weight required for the analysis, exper- 
iments with varying sample weights are performed. 
The plot of count rate versus sample weight (Fig. 3) 
shows that the count rate becomes independent of 
weight beyond 16 g in 4 jr detector geometry. 

Preparation of standard and the sample— ijramnm 
and thorium standards are prepared from samples 
obtained from the National Geophysical Research 
Institute, Hyderabad. These samples, 350 g each, are 
U and Th ores diluted in dunite. U standard contains 
312 ppm and 53 ppm Th. Th standard contains 166 



Sample weight (g; 

Fig. 3— Plot of count rate versus sample weight in 4jr detector 
geometry 

ppm Th and 5 ppm U. Potassium dichromate salt 
( 26 .6% K) is used as K standard. The sample to be an- 
alyzed is ground to 100 mesh and is sealed in a con- 
tainer. The containers are ranon-tight cylindrical 
plastic jars. 

Counting procer/wre— Sample is placed in the well 
and the spectrum is taken for sufficient time, depend- 
ing on the activity of the sample. Spectra of U, Th and 
K standards (Fig 4a, b, c) of comparable activity are 
recorded along with background spectrum for the 
same period using a teleprinter (Deewriter IV) cou- 
pled to MCA. 

Method of data analysis— MdXrix. method deve- 
loped by Stromswold and Kosanke"* is used for data 
analysis as follows: 

The observed count rate R due to a concentration C 
of gamma-emitting elements can be written as: 

R = AC ...(1) 

where A is proportionality constant. 

The right side of Eq. ( 1 ) canbe expanded as follows 
to include contributions to the counts R, from all gam- 
ma rays 

/?=ac+xa'c; '...(2) 

where the summation (J]) is over all gamma emitters 
that contribute to R by energy shifts into the R win- 
dow. For K, U and Th analyses, there are three terms 
on the right side of Eq. (2): 

/? = AC, + .4,c;+A3Q ' ...(3) 

where Cj, C 2 , and C 3 represent the concentrations of 
potassium, uranium, and thorium, respectively. 
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"niorlum Spectrum 



where R and C are 3 x J. matrices and ^ is a 3 x 3. In 
this approach, Eq. (4) specifies one element, R^, of the 
matrix R. 

Eq. (5) can be inverted to give; 

C=^A~^R ■••( 6 ) 

where A~ ^ is the matrix inverse of A. 



u 



Th 

U 


Fig. 4— Spectra of (a)uranium (b)thoriuni,and (c)potassium sam- 
ples taken with 7.62 X 7.62cm wel!-typeNaI{Tl)detector 

Because R can represent the count rate in any ener- 
gy window, it is convenient to adopt the following in- 
dex notation: 

3 

K,= l4.C, ...(4) 

1-1 

where R, is the count rate in the ith wdndow, C,, con- 
centration of /th radioactive element, and A\ ’S the 
constant relating count rate in f th window to the con- 
centration of /th element. 

Eq. (4) can be written in a matrix notation as: 

R^AC ...(5) 



Fig. 5 —Relative error of (a) uranium (b) thorium as a funaion of 
Th/U,and (c) potassium as a function of K 
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The matrices AzndA'^ are determined by detec- 
tor system calibration using sources of known con- 
centration. 

3 Results and Discussion 

Set-up requirement of studies— The set-up require- 
ments as ascertained by initial studies, are summar- 
ized as follows: 

(a) From the variation of count rate in 0-2.5 MeV 
energy range, using different lead shields, it is ob- 
served that 8.90 cm thickness of lead reduces the 
background sufficiently (Fig. 2). With our set-up, the 
background reduction is better as compared to the 
set-up reported by Rao^ (using 15.24 cm thick mild 
steel + 7.62 cm thick lead shield). 

(b) The variation of count rate with sample weight 
in 4 TT detector geometry is shown in Fig. 3, and it is 
found to be independent of sample weight greater 
than 16 g. Thus the sample requirement for Aji 
geometry is fixed at 20 g to avoid sample weight cor- 
rection. 

Selection of gamma ray peflfo— Combinations of 
gamma ray peaks in low, medium and high energy re- 
gions are tried in sample analysis. T/B and relative er- 
rors (error in estimation of one element due to relative 
abundance of other elements) are studied for selec- 




tion of gamma ray peaks (Table 1 ). From comparison 
it is evident that peaks under high energy region show 
better T/B ratio compared to peaks under low and 
medium energy regions. Using three combinations of 
gamma peaks, relative errors in analysis are also eval- 
uated [Figs 5(a, b and c)]. Figs 5 (a and b) show that 
high energy combination results in low relative error 
both in U and Th analysis. But relative error in K anal- 
ysis is slightly more for high energy combination com- 
pared to low and medium energy combinations (Fig. 
5c). This may be due to the fact that 1 .46 MeV energy 
region lies in the back-scattered Compton contribu- 
tions of high energy gamma rays^ (viz. 1.76 and 2.62 
MeV). 

Overall, the high energy combination is found to be 
the most suitable due to (i) high T/B under gamma 
peaks (ii ) low relative error and (iii) the ease in compu- 
tation work^. 

Sample Samples are analyzed using high 

energy combination of gammapeaks ( 1 .46, 1.76, 2.62 
MeV) and Aji detector geometry. Using standard 
samples, relative errors encountered in the analysis 
are studied [Figs 5(a, b and c) and 6 (a, b, c and d)]. Fig. 
5(a and b) shows the variation of relative errors with 
Th/U. Errors depending upon the relative abun- 
dance of K are reported in Fig 6 (a, b, c and d). These 



Fig. 6 Relative error of(a)uranium(b) thorium(c)potassium and (d)potassiuni as a function of K 
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Table 2— Comparison of Gamma Ray Spectrometric Results with Fission Track Analysis 


Sample 

No 


Gamma ray spectrometry Fission track analy- 

sis 



U 

Th 

K 

U 


(ppm) 

(ppm) 

(%) 

(ppm) 


Quartzite from Jari in Himachal Pradesh 


Q1 

671.00 ±5.00 

100.90 ±0.70 

3.14 ±0.20 

667.00 ± 5.00 

Q2 

367.00 ±4.00 

149.10 ±0.80 

24.20 ±0.60 

348.00 ± 3.00 

Q3 

168.00 ±2.60 

35.90 ±0.40 

5.30 ± 0.26 

178.60 ±1.30 


Phosphorite from Maldeota in Uttar Pradesh 


PI 

49.50 ± 1.40 

7.95 ±0.19 

1.01 ±0.11 - 

44.10 ±0.50 


errors are incorporated to get the final results. Re- 
producibility of results is also checked by repeating 
the analysis of the same sample at three different 
times. The quartzite samples collected from Jari (Ku- 
lu) HP and phosphorite sample from Maldeota 
(Mussoorie Syncline) UP are analyzed using this set- 
up. The concentrations of U, Th and K in quartzite 
samples are found to vary from 168.00 ±2.60 to 
671.00 ± 5.00 ppm, 35.90 ± 0.40 to 149.10 ± 0.80 
ppm and 3.14 ± 0.20 to 24.20 ± 0.60% respectively 
(Table 2). The concentrations of U, Th and K in phos- 
phorite sample are found to be 49.50 ± 1.40 ppm, 
7.95 ±0.19 ppm and 1.01 ±0.11%, respectively. 
The concentration of U in these samples is pronoun- 
cedly higher than that reported by Menon et al? This 
is due to the presence of uranium mineralization in 
these areas®’’. A comparison of the results for U con- 
tent in these samples with fission track method®-^ is al- 
so reported (Table 2). The results obtained by the two 
techniques are in good agreement. 

4 Conclusion 

The gamma ray spectrometric technique using 
well-type detector provides the facility for analyzing 
samples where large amounts are not available. The 
technique is quite efficient for U, Th and K analyses 
and the results show a good reproducibility. 
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Laser Raman Spectra of 2-Fluoro-5-Chlorotoluene 
& 3-Fluoro~6-Chlorotoluene 
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The laser Raman spectra of 2-nuoro-5-chloro- and 3-fIuoro-6-chlorotoIuenes have been recorded on a Cary model 82 
grating spectrophotometer with an argon laser source. The observed frequencies have been assigned to the various modes of 
vibrations in terms of the fundamentals, overtones and combinations assuming C, point group symmetry. 


1 Introduction 

The vibrational spectra of some halogenated 
toluenes, xylene and toluenes have been extensively 
studied by a number of workers* Green et alP and 
Dwivedi and Sharma® have studied the vibrational 
spectra of a few dihalogenotoluenes of the TXY type 
toluene halogens. However, the vibrational analysis of 
2-fluoro-5-chloro- and 3-fIuoro-6-chlorotoluenes 
using either infrared or Raman data has not been 
reported so far. In the present paper, we present the 
results and analysis of the laser Raman spectra (Figs 1 
and 2) of these uninvestigated compounds. 

2 Experimental Details 

Spectroscopically pure chemicals (liquid at room 
temperature) were obtained from M/s Koch-Light 
Laboratories, England, and were used as such. The 
polarized laser Raman spectra of 2-fluoro-5-chloro- 
and 3-nuoro-6-chlorotoluenes have been recorded 
using 488 nm line of Ar^ for excitation in the region 
100-4000 cm “* at the Indian Institute of Technology, 
Madras, on a Cary model 82 grating spectro- 
photometer and using a 4 W argon laser. The 
frequencies for all the sharp bands are accurate to j; 1 
cm 



Fig. I — Raman spectrum of J-/?uoro-6-chIorotoIuenc 



Fig. 2— Raman spectrum of 2-nuoro-5-chlorotoluene 
3 Results and Discussion 

The observed frequencies of 2-fluoro-5- 
chlorotoluene and 3-fluoro-6-chlorotoluene along 
with their relative intensities and probable assignments 
are presented in Table 1. The observed spectra are 
explained on the basis of Q point group symmetry for 
the molecules under consideration by assuming the 
CH3 group as a point mass. Q symmetry leads to two 
types of vibrations distributed as: 

r = 2I0' (planar) -F 9fl" (non-planar) 

All vibrations are active both in Raman and infrared. 
The species a' gives rise to polarized lines with a" 
species gives depolarized lines in Raman spectrum. In 
addition to these vibrations, 9 group vibrations due to 
CH3 group also appear. Assignments have been made 
on the basis of relative intensities, magnitudes of the 
frequencies and the depolarization of the Raman lines. 
Assignments are also made on the basis of similar 
assignments in spectra of molecules of similar 
structure. The vibrations of the molecules are clearly 
divided into two groups: (i) phenyl ring vibrations and 
(iO methyl group vibrations. 
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Table 1 — Assignments of Fundamental Vibrational Frequencies (in cm of Fluorochlorotoluenes 


2-Fluoro-5-chlorotoluene 

3-Fluoro-6-chlorotoluene 

Assignment 

282 VS 

261 M 

C— CHj non-planar bending 

344 VS 

344 VS 

fi(C—Cl) in-plane bending 

350 M 

352 M 

<pC-F) out-of-plane bending 

382 M .. . 

375 M 

)?(C — CHj) planar bending 

396 VW 



415 S(dp) 

411 M(dp) 

(piC-C-Q out-of-plane bending 

446 VS 

448 VS 

^C— F) in-plane bending 

460 VS 

478 VS 

6 (C—C—Q out-of-plane bending 

562 VS 

563 VS 

/?(C—C — Q in-plane bending 

— 

591 W 


638 S 

634 S 

P{C — C — Q in-plane bending 

690 S 

693 S 

<p(C— C— Q out-of-plane bending 

762 VS 

755 VS 

v(C — Cl) stretching 

770 MS(p) 

772 MS(p) 

v(C— Q ring breathing 

810 VS 

809 VS 

<p(C — H) out-of-plane bending 

— 

821 S 

</)(C— H) out-of-plane bending 

867 VS 

867 S 

<io(C — H) out-of-plane bending 

890 S 

— 

(/KC — H) out-of-plane bending 

950 VS 

961 VS 

<p(G — H) out-of-plane bending 

970 M 

— 


996 VS 

1005 VS 

/5(G— C— Q trigonal bending 

1040 VS 

1038 VS 

(CHj rocking) 

1089 VS(dp) 

1071 S(dp) 

(CH 3 rocking) 

1099 S 

— 

^C — H) in-plane bending 

1115 VS 

1116 VS 

P(C — H) in-plane bending 

1186 VS 

1178 VS 

^(C — H) in-plane bending 

1235 S(p) 

1238 S(p) 

t<C— CHj) stretching 

1265 S 

1268 S 

^(C — H) in-plane bending 

1289 VS(p) 

1290 VS(p) 

v(C - F) stretching 

1310 M(p) 

1301 M(p) 

i<C— C) stretching 

1376 M 

1371 M 

(C — H) symmetric deformation in methyl group 

1408 S(p) 

1411 S(p) 

KG— Q stretching 

1439 M 

1436 M 

(C— H) asymmetric deformation in methyl group 

1479 VW 

1480 VW 

(C — H) asymmetric deformation in methyl group 

1536 S(p) 

1536 S(p) 

»(C— Q stretching 

1589 VS(p) 

1592 VS(p) 

>(C— Q stretching 

1621 VS 

1628 VS 

v(C — Q stretching 

2910 M 

2921 M 

KG — H) symmetric stretching in methyl group 

2941 VS 

2961 VS 

i(C — H) asymmetric stretching in methyl group 

2978 S 

2985 S 

ifC — H) asymmetric stretching in methyl group 

3055 M 

3044 M 

KC — H) stretching aromatic 

3098 S 

3095 S 

KG— H) stretching aromatic 

3112 VW 

3116 VW 

KG— H) stretching aromatic 


VS; very strong; S; strong; MS; medium strong; M; medium; W; weak; VW; very weak; (p); polarized; (dp); depolarized 


3.1 Phenyl Ring Vibrations components under Q symmetry. Four bands observed 

Carbon vibrations — Benzene has two doubly at 1621, 1589, 1536 and 1408 cm~* in 2-fluoro-5- 
degenerate modes ^2^(1596 cm and ej^(1485 cm chlorotoluene and 1628, 1592, 1536 and 141 1 cm in 
and two non-degenerate modes 310 cm and 3-fluoro-6-chlorotoluene respectively have been 

(995 cm “‘I due to skeleton stretching of C — C bonds, assigned to these two degenerate vibrations of 
Bonds between 1400 cm and 1650 cm in benzene benzene. 

derivatives are assigned to these modes. The actual The in-plane carbon bending vibrations are derived 
positions are determined not so much by the nature of from non-degenerate b^^ (1010 cm ~') and degenerate 
the substituents but by the form of the substitution (606 cm '*) modes of benzene. The (606 cm ') 

around the ring’. All the frequencies except that of the degenerate frequency splits into two totally symmetric 

ring breathing mode (995 cm '■‘) remain practically vibrations under C, symmetry and has been observed 
unaffected by substitution. The two doubly degenerate at 638 and 562 cm in 2-nuoro-5-chIorotoluene and 

frequencies split into four totally symmetric at 634 and 596 cm in 3-fluoro-6-chlorotoluene. 
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The carbon out-of-plane bending vibrations are 
defived from the non-degenerate (703 cm and 
degenerate (404 cm'O modes of benzene. The 
former is found to be constant in substituted 
benzenes'® and in the present case it is observed at 690 
cm in 2 -fluoro- 5 -chloro toluene and 693 cm in 3- 

fluoro- 6 -chlorotoluene. The degenerate (404 cm 
vibration splits into tvvo non-totally symmetric 
components and the bands observed at 415, 460 cm 
in 2 -fluoro- 5 -chlorotoluene and at 41 1, 478 cm in 3- 
fluoro- 6 -chlorotoluene are assigned to this vibration. 

The C— C ring breathing (995 cm and 
C — C — C trigonal bending non-degenerate (1010 
cm vibrations of benzene under symmetry give 
rise to combined modified modes. In trisubstituted 
benzenes, one mode is observed at about 800 cm 
while the other appears at about 1000 cm . The C — C 
— C trigonal bending and C — C ring breathing 
vibrations are assigned to 996 and 770 cm in 2- 
nuoro-5-chlorotoluene and to 1005 and 772 cm in 3- 
nuoro- 6 -chlorotoluene in the present case. The present 
conclusion is in agreement with the assignments made 
for fluorobromotoluenes** and fluoroamin- 
otoluenes' ' . 

C-H Vibrations — The trisubstituted benzenes 
which form the subject of the present investigation give 
rise to three C — H stretchmgs, three C— H out-of- 
plane deformations and three C — H in-plane 
bendings. The aromatic structure shows the presence 
of C— H stretching vibrations in the region 3000-3100 
cm"', which permits a ready identification for this 
structure. In this region, the bands are not appreciably 
affected by the nature of the substituents. The 
frequencies 3055, 3098 and 3112 cm"' in 2-fluoro-5- 
chlorotoluene and 3044, 3095 and 3116 cm"' in 3- 
nuoro -6 chlorotoluene respectively have been assigned 
to C— H stretching modes. The rest of the vibrations, 
viz. three C— H in-plane bendings and three C— H 
out-of-plane bendings of 2-fIuoro, 5-chlorotoluene 
and 3-nuoro-6-chlorotoluene molecules are given in 
Table 1. They are in good agreement with literature 
values®’". 

C -CH j Vibrations-— It is noted from the literature 
that a strong band around 1200 cm "' appears due to 
valence oscillations in toluenes and substituted 
toluenes. Hence the strong bands at 1235 cm"' in 2- 
fluoro-S-chlorotoluene and at 1238 cm in S-fluoro- 
6 -chlorotoluene have been assigned to C— CH 3 
stretching modes. The bands at 282 cm "‘ in 2-nuoro- 
5<hlorotoluene and 261 cm"* in 3-nuoro-6- 
chlorotoluene are assigned to C-CH 3 non-planar 
bending while the bands at 382 cm"' in 2-fluoro-'5- 
chlorololuene and at 375 cm"' in 3-nuoro-6- 
chlorotolucne arc assigned to C - CH 3 planar bending 


modes. This conclusion agrees weU with the literature 
values". 

C-Cl Stretching mode— The C-Cl stretching 
frequency is usually obtained'^ in the region 550-750 
cm "'. In accordance with the above conclusion, very 
strong bands at 762 and 755 cm"' in 2-fluoro-5- 
chlorotoluene and 3-fluoro-6-chlorotoluene molecules 
respectively, have been assigned to C — Cl stretching 
modes. 

C — F Stretching mode — Dwivedi and Sharma’ and 
Smith et al. ' ^ have assigned the C — F stretching mode 
for fluorobromotoluenes and trifluorobenzenes 
respectively. In accordance with their assignment, we 
have assigned the strong bands at 1289 and 1290 cm "' 
in 2-fluoro-5-chloro- and 3-fluoro-6-chlorotoluenes 
respectively to the C — F stretching vibration. 

3.2 Methyl Group Vibrations 

Group frequencies are determined in terms of the 
motions that the nuclei in a structural group in the 
molecule undergo during the vibration and they 
appear in fairly constant regions in the spectrum. 

For one methyl group attached to the benzene ring, 
two rocking modes are expected. In o-chlorotoluene, 
Mooney'"' assigned the frequencies at 1041 and 1090 
cm"' to methyl rocking modes. Similarly, the 
frequencies al 1071 and 1038 cm "' in o-bromotoluene 
have also been assigned to methyl rocking mode by 
Mooney’ ■*. In accordance with his observation, the 
strong bands at 1089 and 1040 cm"' in 2-fluoro-5- 
chlorotoluene and the strong bands at 1071 and 1038 
cm "' in 3-fluoro-6-chlorotoluene have been assigned 
to two CH3 rocking modes. 

In methyl group, there exist three stretching 
vibrations distributed as one symmetric and two 
asymmetric vibrations. The symmetric and asym- 
metric vibrations in methyl group in 2-fluoro-5- 
chlorololuene and 3-nuoro-6-chlorotoluene are 
assigned to 2910, 2941, 2978 cm "' and 2921, 2961 and 
2985 cm"' respectively. These assignments are in 
agreement with the literature values'"*. 
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The infrared spectrum in the region 200-4600 cm “ ' for potassium phosphorodifluoridate compound is presented. 
The vibrational analysis is made on the basis of Q,, symmetry for this ion for the first time and the results are briefly dis- 
cussed. 


The molecular geometry of XY 2 Z 2 -type molecules, 
belon^gto Q^point group, is of greatinterestto mo- 
lecular spectroscopists and chemists. Several inves- 
tigations*”’ have been carried out for this type of 
molecules in recent years. But most of the work is 
based on the symmetry coordinates given by Devis et 
al} According to them, the and Rj symmetry 
coordinates of species correspond to symmetric 
X-YandZ— Z stretching combination of the whole 
system. But the frequencies assigned for these mole- 
cules in the Aj species,intheearlierwork® correspond 
to individui X — Y[vs(XY)] and X— Z[vs(XZ)] 
stretchings. During our study on this type of mole- 
cules, we have come across a very interesting com- 
pound, viz. KPO 2 F 2 . Hence, the present investigation 
is aimed at recording the infrared spectrum of this 
compound and to study its vibrational analysis. 

The spectrum has been recorded in Perkin-Elmer 
IR-983 double beam grating spectrometer and pre- 
sented in Fig. 1 . The observed frequencies along with 
their assignments are given in Table 1. The frequen- 
cies for all the sharp bands are accurate to ± 1 cm” *. 

Frequency assignment— The appearance of four 
frequency bands at 1315, 1155, 855 and 533 cm”* 
suggests the Q,, molecular symmetry for this ion. The 
high frequency fundamentals (stretching modes) can 
be assigned on the basis of their relative intensity. 
Comparing the present spectrum with POF3 spec- 
trum*^, four frequencies have been assigned easily. For 
non-planar molecules, one expects Vg (Bj ) mode to be 
much more intense than v,(A,). On this basis P-O 
stretching frequency 1315 cm”' is assigned to ^^(Bj) 
while 1 155 cm ”' is assigned to v, (A, ). In line with this 
obscn'ation, P— F stretching frequencies 855 and 
840 cm” ' arc assigned to Vg (B 2 )and V 2 (Aj )modesre- 


Table 1 — Assignment of Fundamental Infrared Fre- 
quencies of Phosphorodifluoridate Ion 


Frequency 

cm~’ 

Relative 

intensity 

Assignment 

218 

VW 

V 7 - V 4 

279 

W 

V 4 (Aj ) Syn. FPF bent 

295 

VW 

Vi-Vg 

360 

M 

Vg-v-, 

390 

M 

2Vg-Vg 

463 

S 

vAB 2 ) 6 (OPF) 

500 

s 

v,(B.)(5(OPf) 

533 

M 

V 3 (A,) sym. OPO bent 

560 

VW 

2v8-v, 

610 

VW 

2v,-2vg 

680 

VW 

2v2-2v, 

720 

Sh 

2Vg-2Vy 

840 

S 

V 2 ( Aj ) Sym. P.F. stretching 

855 

S 

Vg (B 2 ) asym. PE. stretching 

1000 

M 

2Vg 

1110 

Sh 

V 2 + V 4 

1155 

S 

’'1 (Al) sym P.O. stretching 

1315 

S 

Vg (Bi ) asym P-O stretching 


S, strong; M, medium; W, weak; VW, very weak;Sh, shoulder 



Fig. 1— Infrared spectrum of KPOjFj 
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Table 2— Force Constants {f’s in 10^ N/m), Mean Amplitudes (/’s in 10 ^ A) at 298.16 K, Coriolis Coupling 

Constants and Centrifugal Distortion Constants {D, R and 5 in kHz) 


fd fdd 

fa 

fda 

fdy 

fa^ fa^ 

fry 

fo foD 

fp 

fdfi 

for 

fop fay 

fn 

fod 

fr 

fdy 


foy ffiy 

fyy 

13.7026 -3.2639 

0.4545 

0.2154 

-1.4677 

0.6415 -0.3211 

0.1266 

5.9240. -1.5357 

0.4784 

-0.220 

-0.1749 

0.6488 -0.0332 

-0.3618 

0.4172 

1.0904 

1.4712 


0.1708 -0.395 

-0.7824 


1 

X 

^DOi-Z) 


/p(Y—Y) 

lq{Z---Z) 


V-z) 

3.6036 

4.1991 


6.6293 

8.4807 


5.9999 


r'f 

S16 


9ig 

V>19 

S56 

^6^8 




S28 

b29 


?6^9 


a 

a 

M8 

S39 

a 

§7^8 


y'i 

S46 

b47 

S48 

S49 

f-Y 

959 


-0.5441 

0.7983 

0.3083 

0.3451 

0.3138 

0.3276 

0.4283 

0.6628 

0.3758 

-0.8447 

-0.3348 

0.7642 

0.9827 

-0.7018 

0.5118 

-0.4631 

-0.3765 

0.8442 

-0.5087 

0.2893 

0.3565 

-0.0504 

-0.1083 

0.2615 

-0.1735 

0.2480 

0.3525 

-0.9599 


Dj= 

1.4405 

Djk= -3.1409 

jD;^= 3.3014 




Rs-- 

-0.1085 

i?,= - 0.0834 

- 0.2171 




spectively. These assignments agree quite well with 
the assignments for POCI3 and POBis (Refs 10, 11). 
The OPO bending mode is assigned to 533 cm"^ 
while FPF bending mode is assigned to 279 cm“^ 
These assignments agree very well with bending as- 
sigments for P 03 F^~ , POF3 and PFg cases^^. The re- 
maining two sharp bands, viz. 500 and 463 cm"^ are 
assigned to V 7 < 3 ( 0 PF ) and V 9 < 5 (Of*F ) modes respect- 
ively. Further, the rest of the observed frequencies in 
Table 1 may be accounted for as resulting from al- 
lowed combinations or overtones of the selected 
eight fundamentals which give additional support for 
their choice. 

Normal coordinate analysis— A normal coordin- 
ate analysis of KPO 2 F 2 has been carried out following 
Wilson’s F-Gmatrix method on the basis of Q,, point 
group, usingamodified set of symmetry coordinates®, 
and moleciilar kinetic constants and a set of potential 
constants have been reported. The potential con- 
stants, vibrational mean amplitudes at 29 8.16 K, Cor- 
iolis coupling constants and centrifugal distortion 
constants are given in Table 2. 

The fact that the force constant/, is higher than/, 
suggests that P — O bond is much stronger than P— F 
bond.These values agree quite well with the values re- 
ported in Ref. 13. The vibrational mean amplitudes 
for the bonded and the non-bonded distances ob- 
tained in the present work are in the expected range 
^d they are found to exhibit characteristic values. 
The hi^ values of Coriolis coupling constants 


Table 3— Potential Energy Distribution 


Frequencies 

PED 

cm"’ 

% 



1155 

100 

Sx 

V2 

840 

100 

A 

Vi 

533 

98 

■^3 

n 

279 

95 

A 

Ve 

1315 

100 

A 


500 

94 

^7 

Vg 

855 

100 

*^8 

Vq 

463 

92 

5'g 


ti6, liv ^ 38 . ^ 5 ^ 7 , ^ud ^ 7^9 indicate that the 

coupling between the vibrations concerned is signifi- 
cant. Further, the zeta values are found to obey the fol- 
lowing quadratic sum rules 

(/=1 to 4 , 7 = 8 , 9) 

E(D'=1 (i=lto4,7=6,7) 

2(C^)"=1 (/=1 to 4 , 7 = 5) 

u 

As expected, the centrifugal distortion constant Djf^is 
negative for this molecule. 

Thus, the evaluated molecular constants which are 
in. the expected range confirm the correctness of as- 
signments for this ion. 
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To check whether the chosen set of assignments 
contributes maximum to the potential energy asso- 
ciated with normal coordinates of the molecule, the 
potential energy distribution (FED) has been calcu- 
lated using the relation 



The potential energy distribution is given in Table 3. 

Further, from the study of potential constants, the 
frequency for normal vibration V 5 (twist) is predicted 
to be 388 cm~ * for this ion in the present work. 
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The electronic absorption spectrum of Ni^ ^ ions doped in lithium caesium sulphate has been smdied at roomand liquid 
nitrogen temperatures. From the nature and position of the bands, a successful interpretation of all the observed bands 
could be made assuming octahedral symmetry. The splittings observed for ^ 71g(F ) band at liquid mtrogen temperature 
have been explained as due to spin-orbit interaction. The extra bands observed at about 19,000 cm at low temperature 
have been interpreted to be the superposition of vibrational mode of SO| " radical on ^ T,g(F ) band. The observed.band po 
sitions have been fitted with four parameters B, C, Dq and 


1 Introduction 

The electronic absorption spectrum of Ni^ ions in 
several hydrated bromates, sulphates, selenates and 
fluosilicates has extensively been studied by several 
research workers^ ■"*. In these hydrated Ni^'*' salts a 
number of small peaks are observed at liquid nitrogen 
temperature on the higher energy side of the ^ Tjg (F ) 
band. Piper and Koentge^ and Datta & Debabala'* at- 
tributed these bands to an asymmetric H — O vibra- 
tion mode. The separation of about 500 cm“ ^ be- 
tween the individual peaks were ascribed to Ni-O 
vibrations. On the other hand, Pryce et al}, who ob- 
served these peaks at liquid helium temperature in 
NiSiFg • 6H2O, attributed them to H — O vibration 
modes superposed on different electronic states of 
Ni2+. 

The present smdy reports the electronic absorp- 
tion spectrum of NF"*" ions doped in lithium caesium 
sulphate (LiCsS04). At room temperature, LiCsS04 
is orthorhombic (phase I) with space group^ Pcmn. At 
low temperatures, it is monoclinic (phase IH) with 
space groups Pl^/n (Ref. 5 ). 

2 Experimental Details 

Single crystals of LiCsS04 doped with NF'*' were 
grown by slow evaporation at room temperature 
from an aqueous solution containing equimolar 
weights of lithium sulphate and caesium sulphate to 
which 0.5 mol % by wei^t of NiS04 was added as an 
impurity. The electronic absorption spectra were re- 
corded both at room and liquid nitrogen tempera- 
tures on Cary-2300 spectrophotometer. The oscilla- 
tor strengths were calculated by computing the area 
under the absorption curves. 

3 Theory’ 

NF"^ has eight 3 electrons. Among the electronic 


states arising from the ground and excited electronic 
configurations of Ni^^, (F) state lies at the lowest 
and forms the ground state of the ion. The energy ex- 
pressions for all the states of NF ^ in the absence of 
spin-orbit interaction have been given in the form of 
matrices by Tanabe and Sugano®. These matrices are 
kept in the form of linear expressionby BoxaU etal7ln. 
the presence of spin-orbit interaction, the energy le- 
vels are designated as Fj, r2, Fj, r4 and F 5. The ener- 
gy matrices for these spin-orbit levels were presented 
by Liehr and Ballhausen® in terms of F 2 , F^, Dq and X 
and in terms of QD^and ^byLakshmanandRao^. 


I Results and Analysis 

The electronic absorption spectra of Ni^ ^ doped in 
JCSSO4 recorded at room and liquid nitrogen tem- 
peratures are shown in Figs 1 and 2 respectively. In 
dl, six bands have been observed at room tempera- 
ure one in the near infrared at 8 7 7 2 cm “ S four in the 
dsible at 13986, 14925, 15267 and 22222 cm" ^ and 
pne in the near ultraviolet at 25477 cm “ h On cooling 



0 four components with maxima at 14981, 15674, 
6129 and 16529 cm" ' while the remaining bands at 
!772 13986, 22222 and 25477, cm"’ have been 
hifted to 8969, 14184, 22722 and 25974 cm ’ re- 

pectively. j 

From the nature- and position of the observed 

)ands, they have been attributed to Ni^-^ ion in oc- 
ahedral symmetry. For Ni^"^ ion in Oh syi^etry, 

h.rce Spin allowed transitions, viz. A^AF) ^g(F)j 

A,(F) - 3r^^(F)andHg{F)- ^T'.gfPWtheorder 
)f increasing energy, are expected. Often, most of the 
^i(H70)6^ complexes show a double peaked band 
It 300 K. Indeed in the present study also, we ob- 
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Fig. 1 —Absorption spectrum of Ni^'^ in lithium caesium sulphate 
atroomtemperature(300K) 



Fig. 2— Absorption spectrum of Ni^ *' in lithium caesium sulphate 
at liquid nitrogen temperature ( 77 K ) 

served a double peaked band separated by 342 cm“ ^ 
located at 14925 and 15267 cm” ^ The intense bands 
observed at 8772 and 25479 cm” ^ at room tempera- 
ture correspond to the transitions to the levels ’VF) 
and ^ Tig (P) respectively and the double peaked band 
is ascribed to ^ 7^g (F ) level. 

According to the theory, some spin-forbidden trip- 
leb-to-singlet bands could also appear but the intens- 
ity of such bands would be lower. In the present inves- 
tigation, the intense band at 13986 cm” ^ on the lower 
energy side of the double peaked ^ Tjg (F ) band is as- 
signed to 'F'g (D) level. The high intensity of this spin- 
forbidden band is due to configurational interaction 
with ^ Tjg (F ), through which it gains intensity and simi- 
lar instances have been reported by several work- 
ers’'’”. The weak shoulder band observed at 22222 
cm” ’ at 300 K is assigned to the ‘ Tjg (D) level. On 
cooling the crystal to 77 K, in addition to the room 
temperature bands, a series of three weak bands ap- 
peared at 18692, 19084 and 19608 cm”'. These 
bands are marked as a, b and c in Fig. 2. 


The linear energy expressions of Boxall etaP have 
been solved for different values of Dq, Band C. It has 
been found that the best fit for the observed room 
tempeature bands could be obtained for Dq= 900 
cm”', B= 890 cm”' and C= 3600 cm”'. The band 
maximum positions, calculated with these parame- 
ters along with the observed band positions and oscil- 
lator strengths, are presented in Table 1 . 

5 Discussion 

From the nature of the splitting observed for ^ Tjg 
(F) band at liquid nitrogen temperature, it appears 
that the splitting is due to spin-orbit interaction. The 
energy matrices inclusive of spin-orbit interaction^ 
have been diagonalized on DCM spectrum 31 mini- 
computer for different values of C and Dq with 
B= 890 cm” 'and C= 3600 cm” '.The best fit of the 
observed bands could be obtained with Dq= 950 
cm” ' and ^ = 600 cm” ' as shown in Fig. 3. The ob- 
served and calculated band maxima positions^ong 



Fig. 3— Energy level diagram of Ni^'^ in lithium caesium sulphate 
in cubic environment plotted as a function of crystal field parame- 
ter Z)9withR=890 cm”', C= 3600cm”' and f = 600 cm”'. The 
solid circles showtheexperimental values at 77K 


Table 1— Observed and Calculated Energies, Assign- 
ments and the Oscillator Strengths for the Bands of 
NF-’-inLiCsS04at300K 


5—890 cm”'; C= 3600 cm”' and 75^=900 cm”' 


Transition 

Obs band positions 

Calc 

Oscillator 

from 



v(cm”') 

strengths 

(/) 


A (A) 

v(cm”') 



11400 

8772 

9000 

22.96x10-5 

%{X>) 

7150 

13986 

13947 

13.57x10”’ 


6700 

6550 

14925 

15267 

14944 

5.13x10”’ 

10.72x10”’ 


4500 

22222 

22526 

— 

"71, (P) 

3925 

25477 

25406 

47J3x10”5 
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Table 2— Observed and Calculated Energies, Oscillator 
Strengths and the Assignments for the Bands of Ni^"^ in 
LiCsS 04 at 77 K 

R=890cm"*; C=3600cm~*;£)^=950cm“'and 5 = 600 
cm"* 


Transition 

Ts 

Band positions (cm" * ) 

Oscillator 

from 




strengths 
{/) - 

H,(F) 


Obs 

Calc 


Fa 

8969 

9261 

15.91 X 10-5 

^T^,(¥) 

Fz 

F4 


9289 

9408 



F5 


9769 


*£,(D) 

F3 

14184 

13896 

10.49 X lO"'* 

F5 

14981 

15296 

5.13 X 10-7 

'T„(F) 

F3 

15674 

15513 

42.44x10-7 

F4 

16129 

15875 



F, 

16529 

16062 


'T2g(E>) 

F5 

22722 

23095 

25.28 X 10 

F, 


25770 


^T,,(P) 

F4 

25974 

25900 

32.48x10-5 

F3 


26768 



Fs 


26852 



with their oscillator strengths are presented in Table 

2 . 

It is easily seen from Tanabe-Sugano diagram®, giv- 
en for d ® configuration that the positive slope of ^ T^g 
(F)is smaller than that of ^rig(P)bandandhenceat77 
K, the former band should show a smaller blue shift 
than the latter band. It has indeed been found to be so 
in the present investigation with blue shifts of 197 
cm" ^ and 497 cm" ^ for the ^ I^g (F ) and ^ T^g (P ) bands 
respectively thus confirming the assignments. No 
such observation could however be made for the ^ Tjg 
(F ) band as it is split into four components at 77 K. 
The blue shifts of 198 and 500 cm " * in the case of ’ Eg 
(D) and ^T^g (D) respectively are also in accordance 
with the positive slopes of their respective levels in the 
Tanabe-Sugano diagram®. 

The optical absorption spectra in the visible region 
inthecase offirstgrouptransitionmetalions arisedue 
to electric dipole transitions and they generally con- 
tain vibronic side bands in addition to pure electronic 
bands.The vibronic side-bands resultfrom the super- 
position of the vibrational modes of the ligand nuclei 
on the electronic energy levels of the transition metal 
ion. 

In the present study, three bands are observed at 
18692, 19084 and 19608 cm" *. These bands are as- 
sociated with the ^ Tjg (F ) band. Taking the energy dif- 
ference between the xmassigned bands (marked as a, 
b, c in Fig. 2) and the last split component of the ^ Tjg 
(F ) in the present work, we have 


Table 3— Observed Non-ligand Field Bands, Energy 
Separation from the ^ Tjg (F ) Band at 77 K, Calculated 
Energies and Their Assignments in NF ■*■; LiCsS 04 
Calculated from Fundamental Vibrational 
Frequenci^ of SO|" Radical*^ 


Vibronic Band 
Fbsition (£) at 
77 K 
cm"* 

£-16529 

cm"' 

Assignment 

Calculated 
Energy (in cm"* 1 
on the Basis of 
the Assignment 

18692 

2163 

V2 + V3 + V4 

2168 

19084 

2555 

2 v, + V 4 

2575 

19608 

3079 

2Vi+V3 

3066 


18692-16529 = 2163 cm"* 

19084 - 16529 = 2555 cm'^ 

19608 -16529 = 3079 cm-i 

A comparison of the vibrational frequencies of SO 4 " 
radical with the values shown in Table 3 suggests that 
these bands arise due to the vibrational modes of 
sol" radical, superposing on the ^Tjg (F) electronic 
state. 
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in Porous & Dispersed Two-Phase Systems 
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An expression for orientation of phases in natural two-phase systems has been derived. This relation has been used to 
predict the effective thermal conductivity of two-phase systems. The calculated values of effective thermal conductivity are in 
good agreement with the reported experimental results. 


1 Introduction 

Complete information on effective thermal 
conductivity (A) of dispersed two-phase systems is 
often needed by persons working in heat transport 
through soils, engineering and insulating materials.. 
Many attempts have been made to predict the value of 
K of such materials. The expressions are mainly 
classified as exact formuations' and semi-empirical 
relations* But so far no attempt has been made to 
study the orientation of phases in a random two- 
phases mixture to obtain an expression for K. 

In an earlier work‘°, an expression for K based on 
the probability of orientation of phases has been 
proposed. However, the value of K has not been 
obtained from a knowledge of the actual value of 
orientation of phases. The present study is an 
extension of the previous one. Here we first find an 
expression for the probability (n) of orientation along 
the direction of heat flow of a particular phase and 
then use this value of n to determine K of natural 
samples. 


and 


K, 


(p (!-<?>) ] ^ 

A Ks j 


...(lb) 


In Eq. (1) n is the probability of orientation of the 
sample along the direction of heat flow. 

Taking the logarithmic differential of Eq. (1) and 
substituting the values oi{dK\\Jd(p) and {dK^ /dcp) from 
Eqs (la) and (lb), 


I dK dn/ \ 


■V{K,-K^ 


!LJ1z^k 

a:/ 


... ( 2 ) 


Eq (2) must satisfy the phase boundary conditions, 
i.e. the two-phase system must tend to solid or fluid 
phase respectively as (p approaches zero or unity. 
Under these limiting conditions, we find that 


2 Theoretical Formulation 

Let us consider a two-phase mixture consisting of a 
solid of thermal conductivity and a gas of thermal 
conductivity Kf. Let the volume fraction of gas 
(porosity) be </>; obviously the volume fraction of solid 
will be (1 —(p). Further, we assume that solid and gas 
phases are arranged in alternate layers in which some 
part of the layers is oriented parallel to the direction of 
the heat flow and the remaining part perpendicular to 
the direction of heat flow. The value of K of such a 
mixture will be given by the relation**: 

A'=A^A1-" ... (1) 

where 

K^\~(pKf+{\-(p)K^, ...(la) 


as Ar||-+As 
and K ^ also 
Similarly 
as <p~*l, 

and A|| also -*Kf 

Effectively the above two boundary conditions are 
mathematically equivalent to the following relations. 
These are: 

(i) <p-»0, Afij-vATi 

and (iO cp-*\, 

Substituting these conditions in Eq. (2), we get the 
following two different relations for limiting porosity 
values (ip-^0 and I): 
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Kd(p 





j 


and 


... (3) 


IdK 

Kd(p 




K, 


a-»i) 

K,Kr 




Here, we have used rii instead of n as this depicts the 
orientation of the layers for fixed extremum porosity 
values. Eqs (3) and (4) become equivalent expressions 
as .^ 11 -♦Ki . This implies that the two slopes given by 
Eqs (3) and (4) are equivalent for ^->0 and unity. 
Equating these two and solving for , we find 


n 


K,Kt+K^jK. 


X 


... (5) 


For intermediate values of (p, n may be found as 
follows. Let us consider two values of (p around the 
point 9-»0.5 in K-(p curve as shown in Fig. 1. Here <Pi 
+ 9’2 = 1- At these values of (p, (dK/dcp) should be 
nearly same, as d(pi = — d<p 2 - 
Thus for (pi and (p2-*0.5 


8(pi~ ^ •” 

Similarly, for these values of (p, we also find the value 
of {dnfd(p). 


For ^p-^0.5 Eq. (2) yields 

^S(p d(p 4K,Kf (Kf + K^ 


(J) 



t^'8- J — EfTective thermal conductivity (A) 
of Miami sill loam plotted against 
fractional porosity (9) 


because 
Uii K. 


As ^iXIKidKldcp)] yields equal slopes at (py and (P 2 
through Eq. (6) and the variation in (p for 9)->0.5 
affects idn/d(p) only in Eq. (7), one notes that for 


/I dK 

[kWi 

dn 

d(pi 


1 dK 
Kd(p2 


^ dn 

.d(p2 


... (8) 


Substituting Eqs (6) and (8) in Eq. (2) and on 
simplifying we get 

(l-n) 


{KJil-(py) + Ky(p 


- + 


(l-«) 


lKsCpi+(l-(Pi)Kf'^ Ki(py+(^-(Pi)K, 

Evaluating n from Eq. (9), yields 


( 9 ) 


I ‘ 

1 1 

Ks(Pi +(1 —(Pi)Kf 

KJil-(py) + Kr(pyS 


1 1 

X^s^Pl +(1 

Kll-(Py) + Ky<Pyi 


1\ {K2 /K,Kr)-\IK{ [ 

2l(K, IK,Ky)-\IK^i 

ox n=\ ... (10) 

This can be further tested through Eq. (5). We find that 
at ^->0.5, K\\Ki -yK^Kf. Therefore, Eq. (5) yields 

«i=2 (11) 


3 Comparison with Experimental Results and 

Discussion 

The value of K, can be estimated using Eq. (1) from a 
knowledge of n. Using Eq. (5), we evaluate values of n 
for porosity values and 1. For ^o->0.5, howevei^n 
is evaluated using Eq. (10). The calculated values of n 
and K are reported in Tables 1-3 where experimental 
values of K are also given for comparison. It is 
observed that calculated values are in good agreement 
with the experimental results. 

The scheme presented here for the calculation of K is 
simple and provides useful information regarding the 
orientation of different layers of the phases in a two- 
phase porous system. It is found that when porosity 
values are near 0 and I, a reasonable prediction of K is 
obtained. When porosity is nearly 0.5, the 
recommended value of n is 0.5. This agrees with the 
results of the previous investigation made by 
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Table 1- 

-Calculated 

Values of « and K 

for Porosity Value of 



System 


KJK, 

<P 

n 

Ac.,c 

Acpti 

Error 




Using Eq. (5) 

W m -‘K -' 

W ra -‘K -' 

(%) 

Cellosize/flexol plasticizer' ‘ 


3.03 

0.7 

0.3994 

0.257 

0.257 

0.00 

Cellosize/polypropylene glycol" 


3.73 

0.7 

0.385 

0.234 

0.234 

0.00 

Copper/solder' ^ 

(0 

5.09 

0.9876 

0.1724 

79.42 

78.8 . 

0.79 


(ii) 

5.09 

0.9864 

0.1732 

79.56 

78.8 

0.97 


(iiO 

5.09 

0.9714 

0.1832 

81.23 

81.7 

-0.58 

Forsterite/magnesia ' ^ 


0.16 

0.868 

0.7649 

2.445 

2.479 

-1.37, 

Blood'* (24°Q 

(0 

0.819 

0.97 

0.5464 

0.561 

0.567 

-1.05 

(iO 

0.819 

0.92 

0.5415 

0.556 

0.563 

-1.24 


(iiO 

0.819 

0.89 

0.5383 

0.552 

0.559 

-1.25 


(iv) 

0.819 

0.82 

0.5316 

0.545 

0.546 

-0.18 


(V) 

0.819 

0.74 

0.5237 

0.536 

0.538 

-0.37 

Silicone rubeer/glass beads'^ 


5.35 

0.911 

0.2184 

0.226 

0.235 

-3.83 

Lead powder/silicone rubber'*’ 


90.20 

0.84 

0.1675 

0.701 

0.665 

5.41 

Table 2- 

—Calculated 

Values of n and K 

for Porosity Value of <p-»0 



System 


KJK, 

<P 

n 

Ad, 

^eipU 

Error 





Using Eq. (5) 

W m -'k -' 

W m-'K-* 

(%) 

Cellosize/flexol plasticizer" 


0.33 

0.1 

0.2286 

0.206 

0.210 

-1.9 

Cellosize/flexol plasticizer' ' 


0.286 

0.1 

0.313 

0.182 

0.182 

0.00 

Copper/solder 

(0 

0.196 

0.0507 

0.198 

83.82 

83.7 

0.14 


(<0 

0.196 

0.0125 

0.177 

80.20 

79.00 

1.57 


(iiO 

0.196 

0.0263 

0.182 

80.97 

81.10 

-0.16 


(iv) 

0.196 

0.0286 

0.183 

81.23 

82.6 

-1.65 

Blood'* (37°q 

(0 

1.212 

0.03 

0.545 

0.587 

0.596 

-1.52 


(iO 

1.212 

0.07 

0.541 

0.582 

0.592 

-1.68 


(iiO 

1.212 

0.12 

0.537 

0.577 

0.588 

-1.87 

Lead powder/silicone rubber'*’ 


0.011 

0.04 

0.050 

0.432 

0.463 

-6.69 

Table 3- 

-Calculated Values of 

n and K for Porosity Values of (p-*0.5 



System 


KJK, 

<P 

/:=0.5 


A„p, 

Error 





Using Eq. (10) 

W m-'K-' 

W m -*K -' 

(%) 

Rajasthan desert sand'” 

(0 

126.98 

0.3850 

0.5 

0.424 

0.387 

*9.56 


(ii) 

126.98 

0.4052 

0.5 

0.357 

0.336 

6.25 


(iii) 

126.98 

0.4394 

0.5 

0.333 

0.312 

6.73 

Blood'* (37'’Q 

(i) 

1.2124- 

0.59 

0.5 

0.546 

0.546 

0.00 


(iO 

1.2124 

0.56 

0.5 

0.539 

0.542 

-0.38 

Water/mineral oil'’ 


4.14 

0.6 

0.5 

0.267 

0.293 

-8.87 

Uranium oxide/sodium*® 


0.1 

0.5 

0.5 

28.46 

29 

-1.86 

Miami silt loam'” 


123.013 

0.332 

0.5 

0.374 

0.386 

-3.1 


Bruggeman’, who estimated that for (p -*0.5, K is given 
as: 

The probabHity of orientation n is found to depend 
upon (p and KJK^ ratio. 
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A laser interferometer for the absolute vibration amplitude measurement of power ultrasonic sources is reported. The 
instrument can provide direct and real time measurement of vibration amplitude having surface velocity of the order of 100 
cm/s, i.e. about 8 pm at 20 kHz. The measurement accuracy is about 5%. Results of measmement on a high power ultrason- 
ic horn of an emulsifier and a sandwich transducer are given, which demonstrate the usefulness of the interferometer in the 


characterization of high power ultrasonic devices. 

1 Introduction 

Vibrational amplitude is one of the important par- 
ameters for the evaluation and characterization of 
high power ultrasonic devices^ such as plastic wel- 
ders, sonifiers, disintegrators, etc. A number of opti- 
cal instruments have been used for the absolute mea- 
surement of vibration amplitude of power ultrasonic 
devices which is usually above a few microns. Some of 
these are based on capacitive transducer^, opto-elec- 
tronic sensors^ and laser interferometers'* ” Most of 
these, however, require elaborate optical arrange- 
ments or complex electronic circuitry. Further, the 
measurement of vibrational amplitude by these meth- 
ods is by indirect evaluation. The optical microscope 
can be used to measure amplitudes, which are signifi- 
cantly larger than the wavelength of the optical radia- 
tion used in the microscope. This method has also 
been recommended by the International Electro- 
technical Commission (lEC)*. But this method also 
suffers from the drawback that point-to-point scann- 
ing of the vibrating surface cannot be done. Alaser in- 
terferometer has been reported by Bruce and Fitzpa- 
trick® for the vibration amplitude measurement of re- 
mote rough surfaces. This interferometer suffers 
from the limitation that its use is restricted to low fre- 
quencies ( ~ 1 kHz). 

The present work reports on a laser interferometer, 
which can be used to measure vibration amplitude of 
power ultrasonic transducers. The interferometer is 
similar in principle to that of Bruce and Fitzpatrick, 
but incorporates modifications which make it parti- 
cularly suited for measurements on ultrasonic trans- 
ducers. 

2 Principle of Operation 

The laser interferometer used is basically the Mi- 
chelson interferometer, in which the optical paths of 
the two split up beams are made approximately ident- 


ical by use of a self-compensating beam splitter. The 
schematic of the optical arrangement is shovra in Fig. 
1 . Since the optical paths of the reference ( ) and the 
object beams (r^) are almost equal, a complete inter- 
ference between the two beams is obtained in the di- 
rection of the detector. Under this condition, intens- 
ity of the interfering laser light can be expressed as® 

/-/,COS= £ M-,4) =1 

2 Jt 

X 1 + cos— •••(!) 

Al J 

where /q is the intensity at the interference maxima 
and Xl is the wavelength of the laser light. If the object 
mirror is substituted with a vibrating surface, the opti- 
cal path difference varies as a function of time t ac- 
cording to the relation 

=§aSin(a)3?+(j)J ,,.(2) 

where is the amplitude of the acoustically vibrating 
surface, cOa is the angular frequency and (fia is the initial 
phase at time /=0. Intensity /in Eq. (1), therefore, 
shows a time variation which after ne^ecting the con- 
stant term, looks like a phase-modulated waveform as 
shown in Fig. 2. Each full cycle in Fig. 2 corresponds 



AMPLIFCR 


Fig. 1 —Block diagram of the laser interferometer set-up 
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fWSE-WOOaATEO 
PHOTOOETECTOR OUTPLfT 



Fig. 2— Time-response of the interference signal 


to an optical path difference of Xl except for the ones 
near the turning points of the vibration, where it 
corresponds to a fraction thereof. 

If 7 be the number of cycles per vibration period, 
the amplitude of vibration would be given to a good 
approximation by 7 X 1 / 8 . The approximation is due 
to the fact that the fractional contribution near the 
turning points gets rounded off to either nil or one full 
cycle. The higher the value of 7 , the better would be 
the approximation. Therefore, higher amplitude can 
be measured more accurately. 

Value of 7 can be measured by taking the ratio be- 
tween the pulse frequency of the interference signal 
and that of the acoustic signal. 

3 Description of Interferometer 

A 2 mW helium-neon laser of wavelength 0.6 328 p 
has been used as-the coherent source of Ught. Abeam- 
splitting prism together with collimating lenses and 
^2 placed equi-distant from the prism at 90° to each 
other, ensure self-compensation of the optical path 
difference introduced in the two beams by prism and 
lenses (Fig. 1 ). The lenses Li and Z 2 are identical. The 
reference mirror and the transducer front surface are 
placed at the foci of the lenses. This makes the inter- 
ferometer tilt compensated and the output signal is 
then unaffected by any tilt in the transducer front sur- 
face. The surface of the vibrating object is pasted with 
a thin aluminium foil to act as the object mirror. Any 
effects due to surface roughness of the vibrating ob- 
ject (even after the aluminium foil has been pasted), 
are reduced, because the light is focussed by the lens 
f-i on a point on the surface. 

The optical components and the laser have been 
mounted in a micro-bench in such a way that the 
whole of the interferometer becomes one single com- 
pact unit. This arrangement has the advantage that 
once the interferometer has been aligned properly, it 
cannot be easily disturbed from its setting. A heavy 
marble plate, resting on a cushion of foam rubber, has 
been used as a base for the interferometer, in order to 
reduce the effect of ambient vibration. 



Fig. 3— Photograph of the laser interferometer set-up 

The interference signal has been converted into an 
electrical signal using a silicon photo-transistor, 
which is followed by a wideband amplifier stage. The 
amplifier has a lower cut-off frequency, so that the 
contribution to the interference signal due to ambient 
vibration gets eliminated. A sensitive frequency 
counter has been used to record the pulse-frequency 
in the interference signal. Fig. 3 is the photograph of 
the complete set-up used for measurements. 

It would be worthwhile to mention that the laser in- 
terferometer is similar to the one described by Bruce 
and Fitzpatrick®, but incorporates some modific- 
ations. Intensity of the interferene beams going into 
the photodetector is high enough, so that amplifier 
gain required is not very high. This enables to obtain a 
large bandwidth of the photodiode amplifier. Further, 
aUgmnent of the mterferometer is simpler, since self- 
compensation of the optical paths has been used. 

4 Measurements 

Measurements of vibration amplitude have been 
carried out on a 20 kHz high-powerultrasonic hom of 
an emulsifier (DAWE Instrument Ltd) and on a com- 
mercial sandwich transducer. ENI power generator 
has been used to drive the ultrasonic transducer, to 
ensure the stability of the applied frequency. 

The frequency counter has been operated on its av- 
eraging mode, which gives average of pulse frequency 
count every 10 s, so that fluctuation in frequency 
counter reading due to ambient vibrations and insta- 
bility of the applied frequency gets suppressed. 

5 Results 

In order to verify the validity of the amplitude mea- 
surement by the laser interferometer, its variation 
with the rf voltage applied to the transducer has been 
studied . Fig. 4 shows the variation of vibration ampli- 
tude (calculated from frequency ratio) of the emulsifi- 
er hom with the applied rf voltage. The variation is 
fairly linear, which indicates the validity of the meth- 
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Fig. 4— Variation of vibration amplitude of the emulsifier horn 
with the applied rf voltage 


od. The statistical scatter of the points is estimated to 
be about 5% or 0.25 pm, which seems to be the accu- 
racy of measurement by this instrument. It is to be not- 
ed Aat the main contribution to this error is due to the 
fractional fringes, which cannot be registered in the 
frequency counter. Maximum error introduced this 
way would be or about 0.16 fim. 

It has been observed that at high amplitude, inter- 
ference signal becomes very we^ and its pulse fre- 
quency caimot be measured in the frequency counter, 
which has a finite sensitivity. At amplitudes of about 8 
pm, pulse frequency of the interference signal be- 
comes very high ( ~ 1.5 MHz). At these frequencies, 
gain-factor of the photo-transistor used becomes so 
low that the output signal cannot be measured in the 
frequency counter. The limit of the amplitude that cjm 
be measured, using the present set-up at 20 kHz, 
seems to be about 8 pm This corresponds to a parti- 
cle velocity amplitude of about 100 cm/s. 

Amplitude resonance curves of a few transducers 
have been measured using the laser interferometer to 
show its usefulness in the characterization of power 
transducers. Figs 5 and 6 show the variation of ampli- 
tudes as a function of frequency of the emulsifier horn 
and the sandwich transducer at different power le- 
vels. The emulsifier horn shows the familiar reson- 
ance curve, which has a Q-iacXor of about 670. The 
sandwich transducer shows a small split in its reson- 
ance curve, which indicates existence of two closely 
placed resonance frequencies. At higher operation^ 
power levels, the half-power point bandwidth is seen 



FREQUENCV (kHz) 

Fig. 5 —Amplitude resonance curve of the emulsifier horn as mea- 
sured by laser interferometer 



Fig. 6— Amplitude resonance curves of sandwich transducer at 
different power levels 

to increase and the resonance frequency is seen to 
shift downwards. Fig. 7 shows the corresponding dec- 
rease in (^'factor as a function of increasing power le- 
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Fig. 7— Variation of Qof the sandwich transducer with power level 

vels. The significance of this result is that, at higher 
power drives, there would be hi^er losses in the 
transducer, resulting in decrease in the efficiency of 
the transducer, and the transducer would get heated 
up. Further, th^ study also indicates that due consid- 
eration has to be given to the design of the driving cir- 
cuit to accommodate the shift in the resonance fre- 
quency. 

6 Concluding Remarks 

A laser interferometer is reported which makes 
possible absolute measurement of vibration ampli- 


tude in the range 1-8 pm at 20 kHz, with an accuracy 
of 5%. The range of measurement can be extended to 
higher values by using a fast rise-time photodetector. 
It is further expected that the measurement accuracy 
would improve at higher amplitudes, because the 
measurement error due to the fractional fringes re- 
mains the same. 

The instrument would also be useful to study re- 
sonances and behaviour at higher power levels of 
power ultrasonic devices. 
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Mirror Galvanometer X-Y Scanning System for Laser Beam Processes 
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Design and functioning of a X-Y scanning system equipped with mirror gavlanometers for laser beam processes, are 
describ^. The focused laser beam can make linear and area scan over a heated or hon-heated sample at speeds up to 
50 cm/s. The uniform aberration free, scan area is of the order of 2 x 1 cm^, when lenses of suitable focal lengths are 
used. The appropriate electronic set-up used is described and the areas of applications are highlighted. 


1 Introduction 

High power laser beams are now being increa- 
singly used in semiconductor research and develop- 
ment for a number of processes; for example, to an- 
neal ion implantation damage^ to recrystaUize am- 
orphous/polycrystaUine material^, to deposit, dope, 
alloy and etch by laser-assisted techniques like laser 
chemical vapour deposition (LCVD) and to trim re- 
sistors or fose links in integrated circuits^. In all 
these applications, certain areas of semiconductor 
substrates are exposed to a finely focused laser 
beam, and the laser could be in continuous wave or 
pulsed mode. The important aspect of such a pro- 
cess is to scan the area in linear mode with the laser 
beam, either by keeping the substrate stationary and 
moving the beam or by keeping the beam stationary 
and moving the substrate. The present paper reports 
the design euid functioning of a scanning system 
where the sample is stationary. The basic method is 
shown schematically in Fig. 1. With the sample sta- 
tionary, the beam is deflected by two mirrors 
mormted orthogonally on two galvanometers which 
are driven by appropriate electronic circuits. The 
system can achieve a scanning speed of 1 to -SOcm/s, 
in the AT-direction and small incremental movements 
in the Indirection (minimum 10 fixn) in synchronous 
fashion. In the system corresponding to Fig. 1(a), the 
focusing lens is placed between the laser and the 
mirrors. The disadvantage of the configuration is 
that the sample is not in the focal plane at large 
scaiming angles. This limits the size of the region 
that can be uniformly scanned. In the system corre- 
sponding to Fig. 1(b), the focusing lens is placed af- 
ter the mirrors. This configuration has the advantage 
that with a flat field optical system, the focal surface 
on the sample can be anything other than a spherical 
surface and the area of uniform scan need not be 
narrowly limited. In addition, keeping the substrate 
stationary has an added advantage in that the sam- 
ple can be mounted on a heated and fixed chuck for 
any thermal process requirements. 


2 Design Requirement 

In most experiments with focused laser beam 
scanning, the beam is required to be moved over the 
substrate with a typical pattern shown in Fig. 2. The 
beam has to be moved from initial position A to B 
by an amoimt of AT-scan at a constant speed, and 
then deflect at right angle in the Indirection from B 
to C by an amount l^height and again move back 
from right to left from C to D at the same Af-scan 
speed. The movement of the beam from B to C is at 
the fastest possible speed depending on the galva- 
nometer response. The movement from A to B and 
then to C is called one scan. The F-scan equals Y- 
height multiplied by the number of times X-scans 
are repeated (Fsteps). Thus, the four parameters, 
Z-scan, Z-speed, Freight and the number of F 
steps are required to be manipulated for area scaim- 
ing with laser beam. These parameters are to be rea- 
lised by specific movements of two orthogonally 
moimted mirrors on two galvanometers driven by 
appropriate electronics. Since the laser beam is def- 
lected, the linear displacement Z on the substrate is 
related to the angular displacement 0 and focal 
length of the lens Rhy Z= R6. For a particular focal 



Fig 1(a)— Scanning with two galvanometers [(a): system with lens 
before mirrors and (b) system with lens after mirrors) 
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End 

Fig. 2— Required scan pattern on substrate 


len^ of lens, the scan speed is given by galvanome- 
ter s angular speed mnltiplied by focal length. 

Two different types of galvanometers were chos- 
en for X and Y-deflections (Model G310 for X- 
galvanometer with sensitivity 100 mA/deg, maxi- 
mum peak-to-peak rotation 10° and Model G302 
for ^galvanometer with sensitivity of 550 mA/deg 
with maximum peak-to-peak rotation 2°. Both mod- 
els are manufactured by M/s General Scanning Inc, 
USA and are provided with two lenses of focal 
lengths 10 and 25 cm. Basically the voltage wave- 
form has to be generated and the converted into a 
current signal to drive the galvanometer. It was de- 
cided to use a gain of unity for voltage-to-current 


conversion. Therefore, the current limit of 1 A for 
each galvanometer became the voltage limit of 1 V 
peak-to-peak. With the requirement of Z-speed be- 
tween 1 to 50 cm/s, voltage ramp slopes from 
0.25 V/s to 30 V/s were calculated, which when ex- 


pressed as frequency for 1 V peak-to-peak corre- 
sponded to 15 Hz to 0.1 Hz respectively. Hence the 
design requirement of Z-scan generator is a traingu- 
lar ramp wave with frequency variable from 0.1 to 
15 Hz and amplitude variable from 0 to 1 V peak- 
to-peak. Similarly, for a minimum Ydeflection of 
10/nn, with a lens of focal length 10 cm, the Y- 
galyanometer deflection corresponds to 3 mV 
which is almost in the noise region. Taking a practi- 
lower limit of 10 mV, the Y-waveform generator 
should produce staircase-type pulses with the height 
of the stairs seing selectable in multiples of 10 mV 
With a maximum multiplier of 10. The total number 
of Ysteps is also selectable from 1 to 999 but limit- 
ed to a maximum voltage signal of 1 V. Both Z and Y 
yaveforms have to have a dc bias for fine position- 
log the galvanometer before scanning. 


System Implementation 

The purpose of the scanning electronics is to 
ve the two galvanometers synchronously with the 


waveforms shown in Fig. 3(a). The Z-galvanometer 
is driven by pulses of trian^ar waveform whose 
slope (which is the scan rate) and amplitude can be 
changed independently from scan to scan. The Y- 
galvanometer tilt angle is increased synchronously 
to account for the desired 7-height whenever the Z- 
scan changes direction. When the Yscan reaches a 
pre-set value (i.e. number of Ysteps), the Z- 
waveform generator is stopped and the scan is halt- 
ed. These voltage signals are fed to a unity-gain 
power amplifier that drives the mirrors mounted on 
the galvanometers. A general block diagram of the 
electronic set-up is given in Fig. 3(b). 

The detailed block diagrams for the triangular 
ramp generator for Z-movement and step generator 
for Ymovement are given in Figs 4(a) and 4(b) re- 
spectively. The triangular waveform is generated us- 
ing two op-amps in a feedback system such that one 
op-amp acts as comparator producing square wave 
output and the other acts as an integrator, integrat- 
ing the square wave across the capacitor C. This 
capacitor is charged through a resistor R which can 
be used to adjust the charging rate and hence the 
ramp frequency. As the capacitor C charges to a 
preset voltage, the comparator switches its output in 
the other direction and this reversed voltage charges 
the capacitor in the opposite direction. This pro- 



faj 



Fig 3— (a)Driving waveforms of X- and Y- galvanometers and 
block digram of the driving electrom'c set-up 
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Square-wave 




(b) 


Fig. 4— (a)Triangular ramp generator for Z-axis and (b) step gen- 
erator for F-axis 

duces a chain of triangular waves synchronised with 
the square waves. This square wave is also used to 
generate steps in the staircase generator and to 
make scanning programmable. The square wave 
output is also used to generate a clock of double the 
frequency by using two monostable multivibrators 
connected in tandem and applying it to a 10 bit bi- 
nary coimter. This doubling is necessary, because 
the scanning should be reversed at both the extreme 
ends of Z-scan. Everytime the ramp changes its di- 
rection, the T-galvanometer should advance one 
step. The output of the counter is applied to a di^- 
tal-to-analog convertor (DAC-03, decision Mono- 
lithic Inc, USA). The step waveform produced by 
the DAC is fed to a power amplifier through an op- 
amp and the off-set and gain of the op-amp can be 
adjusted. By adjusting the gain, the E-height can be 
varied from 10 mV to 99 mV in steps of 10 mV. 
The output from the mono shot is also given to pre- 
settable binary coded decimal (BCD) counters. 
When the number of scans are entered, the BCD 
counters allow scanning until the number is reached. 
A new scan can be started by resetting the counters 
and reloading new values. Thus, control on the 
scanning parameter' is achieved. A photograph of 
the scanner system along with the mirror-galva- 
nometers is shown in Fig. 5. 

4 Performance and Conclusion 

In any processing, optical conditions are not 
known in advance. The electronic system has to be 



Fig. 5— Photograph of the scanner system with mirror galva- 
nometers 


1 Ramp amplitude control 

2 Ramp frequency control 

3 Ramp zero control 

4 No. of Esteps 

5 Step height selector 

6 Step zero control 

7 Remaining steps 

8 Switch S 2 (freeze/run) 

9 SwithS 3 (programme/run) 

10 Mains switch (on/off) 

11 Switch Si (scan on/off) 

12 X- and Egalvanometers with mirrors 

13 Plano-convex lens 


versatile enough to suit the situation for any scann- 
ing used in terms of the required parameters. The X- 
Y scanning system designed and described above 
has the capability to meet varied scanning require- 
ments. The system has been used consistently in 
some recent experiments'’ for recrystallisation of po- 
lycrystalline silicon by laser annealing. Focused 
beam from high power (up to 18 W) argon ion laser 
(Spectra-Physics model 171-19) operating in CW- 
mode was made to scan areas of a heated substrate 
(temperature 350°C). The substrate was a multilay- 
ered structure having a polycrystalline silicon layer 
of thickness 0.5 pm grown on silicon dioxide of 
thickness 1 pm on a siUcon slice. For optimum anti- 
reflection effect for laser heating, tire substrate was 
capped with a thin layer (600 A) of silicon nitride. 
By controlled scanning by the focused laser beam 
using the X-Y scanner, areas of the order of 2 cm 
by 1 cm could be recrystallised extending through 
the thickness of the polycirstaUine silicon. Starting 
from a small grain ( ~ 500 A) polycrystalline silicon, 
long crystallites (50 to 100 pm x 25 to 50 pm) could 
be produced in chevron shape. Typical scanning 
parameters were: A;peed = 10 cm/s, Ehcight = 20 pm 
and the gaussian beam, focused by a plano-convex 
lens of focal length 25 cm, d a diameter of 40- 
50 pm. 
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The recrystallized layer was found to be semicon- 
ductor-device worthy. It was possible to fabricate 
N-channel MOSFET with these materials. 

The mirror galvanometer scanning system de- 
signed has been foimd to be versatile enough for la- 
ser beam recrystallization of polycrystalline silicon 
to ^ve device-worth crystalline material. 
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The dielectric relaxation times obtained from the maxima of the imaginaxy components of the complex permittivity 
for this antibiotic compound, varies from 9.36 to 10.62 ns for pressure values lying between 5 to 8 tons, corresponding 
to frequendes 17, 16.5, 15.5 and 15 MHz. 


1 Introduction 

Streptomycin is an important antibiotic com- 
pound and it is used in treatments of tuberculosis, 
meningitis and pneumonia. It is a laevorotatory sol- 
id^ and is composed of three units: streptose, N-me- 
thyl-L-glucosamine and streptidine (Fig. 1). Hence 
dielectric relaxation studies of this complex com- 
pound are important as they will elucidate the be- 
haviour of the compoimd, specially when it is sub- 
jected to high frequency perturbations^’^. 

2 Experimental Details 

From one gram streptomycin powder (Sarabhai 
Chemicals) four wafers of 250 mg each were pre- 
pared by subjecting the powders to 5, 6 , 7 and 8 ton 
of pressures using a compression machine fitted 
with a die of area of cross-section = 1.76 sq cm. A 
Q-meter EE-13 was set for resonance and the corre- 
sponding capacitance and Q-factor were measured 
using a high frequency cable connected to the exter- 
nal terminals and following the resonance technique. 
The streptomycin wafer sandwiched between two 
electrodes was connected across the capacitance 
terminals of the Q'lneter. The circmt was resonated 
and the capacitance and the Q-value were deter- 
mined again for a fixed frequency. The experiment 
was repeated at specific frequencies in the range 10 - 
30 MHz. The observations were taken for each of 



Fig. 1 —Structure of streptomycin (I, streptose; If, N- Methyl-L- 
glucosamme, m, streptidine) 


the four streptomycin wafer samples. The real (s') 
and imaginary {e") components of the complex per- 
mittivity ( £*) were computed using the relations'*’^: 


e = 


£ = 


1 Cobs 


Ccable •••(!) 

Ql+{tan(5)^ 

1 Cobs tan 6 
(^l-l-(tan<5)" 


...(2) 

= tan 6 '-tand" 


...(3) 

Cl 

’ 1 

1 

...(4) 

Ci-Q 

.a" 

'a 


1 

1 ' 

...(5) 

C 3 — C 4 

La 

"a. 


where, Qbs is the capacitance between electrodes 
with streptomycin wrfer; th® capacitance of 
high fi-equency cable; Q the capacitance between 
electrodes without dielectric; tan <5 the loss factor of 
streptomycin; tan 6 ' the loss factor of capacitor with 
streptomycin wafer -I- high fi'equency cable; tan 5" 
the loss factor of high frequency cable; ( 2 i> Q 
< 22 , Q are the ( 2 'factors and capacitances observed 
respectively with and without the streptomycin sam- 
ple and Qj, Q and Q^, C 4 are the ( 2 -factors and cap- 
acitances observed respectively with and without the 
high frequency cable. 

3 Results and Discussion 

The computed values of both Q e' and Cq e" are 
plotted against the frequencies in Fig. 2 for samples 
prepared at different pressures. It is observed that 
these curves follow the Debye’s dispersion rel- 
ations®’’: 


£’=f„-t- 


£0 £0 


£ = 


1 +((Ut)^ 

(cq- 

1 
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Fig. 2— Variation of Qe' and Q a" with frequency for streptom- 
ycin wafer sample fabricated at different pressures 



where, is the static dielectric constant, the in- 
stantaneous value of the dielectric constant, co the 
angular frequency and r the dielectric relaxation 
time. The vdue of t can be evaluated from va- 
lue when 

T=— . ...(8) 

0 ) 

Values of rfor the streptomycin wafer samples fab- 
ricated at different pressures are given in Table 1. 

The values of t vary between 9.36 to 10.62 ns. 
The graph of the pressure of formation versus t 
shown in Fig. 3 shows nonlinearity. As streptomycin 
is composed of three different complex molecules, 
detailed studies by different methods are essential to 
determine the contribution by the individual struc- 
tiires to the observed dielectric relaxation time and 
tile effect of pressures®. The value of t reported in 
Table 1 are in agreement with, the theoretical values 

computed^. 
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Fig. 3— Variation of rwith applied pressure 


Table 1 — Values of r Calculated for Different Streptomy- 
cin Wafer Samples 


Pressure 

Thickness 

Frequency for 

r 

(tons) 

of sample 
(cm) 

maximum value 
of e" (MHz) 

(ns) 

5 

0.149 

17.0 

9.36 

6 

0.146 

16.5 

9.65 

7 

0.144 

15.5 

10.27 

8 

0.143 

15.0 

10.62 


tibiotic wafers by the application of different pres 
sures at the Mechanical Engineering Laboratory. 
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An interference-free method for the determination of nickel 
in water by graphite furnace atomic absorption spectropho- 
tometry is reported. The method utilizes fast heating rate and 
high atomization temperature to eliminate interferences from ir- 
on and magnesium. 

The present note reports a new method for interfer- 
ence-free determination of Ni in water using gra- 
phite furnace atomic absorption (GFAA) spectro- 
photometry. The method utilizes a fast heating rate 
and a high atomization temperature to eliminate in- 
terferences. 

Experimental details— Stock solution of Ni (1000 
mg/1) was prepared by dissolving 0.4953 g Ni 
(N 03 ) 2 . 6 H 20 (98% pure, BDH, AR) in 1 ml nitric 
acid (BDH, AR) and subsequently diluting to 100 
ml with deionized distilled water. Standard Ni solu- 
tions of various concentrations were then prepared 
by two step dilutions of Ni stock solution with 1% 
nitric acid. 

A Perkin-Elmer model, 372 atomic absorption 
spectrophotometer equipped with HGA-22000 
graphite furnace (GF) and deuterium background 
corrector lamp was used. Measurements were made 
with intensitron hoUow cathode lamp of Ni operat- 
ed at 25 mA lamp current with wavelength setting 
at 232.0 nm and spectral slit width at 0.2 run. Pyro- 
lytically coated graphite (PCG) tube gave better an- 
dytical sensitivity and precision. An inert atn;os- 
phere in and around the graphite tube was main- 
tained by continuously purging nitrogen at a flow 
rate of 50 ihl/m. The Ni absorbance signals were 
recorded of 10 mV span recorder (Perkin-Elmer 
Model-56) for the computation of the results. Ep- 
pendorf microlitre pipette with disposable tips was 
used to transfer the solutions into the GF. 

Water sample for determination of total Ni were 
prepared by acidising the sample with nitric acid to 
bring the pH to 2-3, boiling vigorously for 5 min 


and filtering the cooled water samples through 0.45 
pm "filter paper. Blanks were prepared by taking de- 
ionized distilled water and processing them in the 
same way as the samples. The standards were also 
given siinilar treatments. A sample of 20 pi was 
transferred into the GF which was programmed at 
optimized operating conditions of (i) drying at 
100“C for 20 s ^ii) charring at 900°C for 30 s (iii) 
atomizing at 2600°C for 5 s using ‘temperature con- 
trolled maxim um power’ (TCMP) mode of heating. 
One blank cycle was given after every sample atom- 
ization. Results were computed from the mean of 
several readings after compensating for reagent 
blanks. 

Results and Experimental charring 

and atomization curves plotted for Ni showed no 
loss of Ni at the charring stage up to a temperature 
of 800‘’C with a standard graphite.(SG) tube and up 
to 900°C with a PCG tube. This compares favou- 
rably against the limits of 700°C (ref. 1) and 600°C 
(ref. 2) of earlier studies. The loss of Ni above the 
optimum charring temperature occurs due to re- 
duction of nickel oxide by the carbon in the tube 
followed by evaporation of Ni in purge gas stream. 
The optimum atomization temperature was formd 
to be greater than 2700‘’C in case of normal mode 
of heating with both types of tubes. However, while 
using TCMP mode of heating it was 2200 and 
2500°C with PCG tube and SG tube respectively. In 
another experiment, the atomization profiles re- 
corded by atomizing the sample at different heating 
rates showed with the faster heating rates a shift in 
the initial and the peak pulse to higher temperature. 
It was also observed that the pe^ height absorb- 
ance increased linearly with the increase in heating 
rate. The change in heating rate changes the rate of 
reduction of the analyte oxide and the average re- 
sidence time of the analyte atoms in the atomizer 
tube, thereby, produces a shift in appearance tem- 
perature and an increase in the peak height absorb- 
ance^’"*. 

In order to assess the effect of anions and cations 
on the Ni absorbance signal, a solution containing 
50 fig Ni/1 was spiked with varying amounts of an- 
ions and cations and then absorbance signals were 
recorded for Ni. It was found that significant sup- 
pression of the Ni absorbance signal occurred in the 
presence of Fe and Mg (Table 1 ). Magnesium im- 
beds the analyte in a matrix of magnesium oxide, 
thereby delays the vaporization of the analyte until 
entire magnesium oxide is vaporized^. It is obvious 
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Table 1— Effect of M g & Fe on Ni Absorbance Signal 

(50 \ig/l Ni signal is taken as 100) 

Effect of Fe Effect of Mg 


Fe added 

Response 

Mg added 

Response 


% 

pg/ml 

% 

10 

66 

10 

83 

20 

74 

20 

75 

50 

72 

50 

70 

100 

70 

100 

67 

200 

70 

200 

70 

500 

72 

500 

70 


Table 2— Accuracy & Precision of Results for Ni Deter- 
mination 

Ni added Groundwater Municipal Mine water 
pg/1 supply water 


Intrinsic content Intrinsic content Intrinsic content 



4.2pg/l 

5.0pg/l 

20.0 (xg/1 


Recovery 

RSD 

Recovery RSD Recovery 

RSD 


% 

% 

% 

% 

% 

% 

5 

102 

8.2 

108 

4.2 

91 

3.3 

10 

107 

7.1 

104 

6.6 

108 

3.0 

20 

99 

4.1 

99 

5.3 

101 

4,6 


that the Ni atomization temperature is suppressed 
in presence of magnesium. 

An examination of the graphite tube, while usmg 
a Fe hollow cathode lamp during the atomization 
cycle showed that Fe was retained in the graphite 
tube and gave a peak height signal of 0.761 absorb- 
ance units. However, subsequent heating of the 
tube, four times, at 2600°C fr 5 s each, brought 
down the peak height to 0.1 absorbance. Later, it 
was observed that using atomization temperature of 
2600'C and the TCMP mode of heating, Mg inter- 
ference was eliminated. It was also observed Aat 
giving one blank cycle after every sample atoi^a- 
tion, helps in removing Fe interference and yields 
reproducible results. However, the tube loses sensi- 
tivity, after 40 to 50 runs, due to fragility of the pyr- 
ocoating at the high temperature, and needs re- 
placement. The use of a fast heating rate and high 
atomization temperature increases the degree of an- 
alyte atomization and eliminates matrix interfer- 
ences. 

Determination of Ni in ivafer— The accuracy of 
the method was determined by spiking Ni at various 
levels in ground water, mine water and municipal 
supply water samples. The accuracy which is deter- 
^riined as the percentage recovery was found to vary 
between 91 and 108% for various spiking concentr- 
ations (Table 2). Percentage scatter of replicate ana- 
lyses showed that the highest relative standard devi- 
ation (RSD) for mine water, ground water and mu- 
|ticipal supply water was 4.6, 8.2 and 6.6% respect- 
ively. The calibration curve of absorbance (A) ve^ 
sus Ni concentration (C) was linear up to 60 pg/1 
and the regression equation was (C= 250.43 
A- 6.96). The minimum detection limit was calcu- 
l^ted from Xgi + SOgi, where Xgi is the mean of 
blank replicates and Ogi is the standard deviation of 
blai^ replicates. Computation of Xgi and Ogi gave a 
^’tinimum detection limi t of 2 pg NiA. The sensitiv- 


Table 3— Results of Analysis of Some Water Samples 
Sample Ni concentration pg/I 


A 

B 

C 

D 

E 

F 

G 

H 

I 

J 


Ground 

water 

Mine water 

Municipal 
supply water 

Synthetic 

water 

2.0 

5 

2.0 

2.1 

2.5 

20 

3.0 

3.2 

I.O 

30 

2.5 

4.2 

0.9 

55 

2.4 

5.2 

2.0 

60 

3.0 

10.2 

1.2 

65 

0.9 

7.6 

0.5 

70 

6.4 

25.9 

0.4 

20 

4.5 

16.0 

0.9 

10 

4.6 

12.3 

1.5 

35 

6.4 

21.1 


V of the method expressed in concentration of Ni 
iving absorbance of 0.0044 was 1.1 pg/I (or 0.19 

bsoibance per nanogram of Ni). 

The method was used for the detemnnation of Ni 
1 different water samples and the results of ana- 
^ses are shown in Table 3. Results of the syntheUc 

amples match with the actual values. 
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The mass spectra and decay widths of 'P resonances in a simple 
quark-confining, analytically solvable, two-step potential model to 
study the charmonium system, have been studied. Results are 
found to be in good agreement with experiments and also with the 
values predicted by others. 

A number of inter-quark potential models have been 
suggested and investigated in the spectroscopy of 
W famiUes^'^. Apart from structural details, aU these 
potentials have two broad featiures in common, which 
include a coulomb-like singular part and a long range 
confining part. Many authors such as Eichten et aL^ 
and Lichtenberg and Wills’ added a coulombian term 
to their confining potential to account for the short 
range behaviour. As the superposition of two poten- 
tials dilutes the role of the individual potential, the idea 
of a two-step potential has been proposed for the qq 
interaction. Kaushed® used the two-step potential in 
which coulombian form is used for short range and a 
linear form for the long range part. 

In this note we have investigated a two-step poten- 
tial in which the short range form is the same, but for 
the long range, instead of a linear, an oscillator poten- 
tial has been considered. In om calculations, W mes- 
ons are assumed to be states of a charmed t quark and 
its anti-quark, bounded by a phenomenologic poten- 
tial of the form 

Vdr) = -^ + J, r<Z ...(la) 

F,(r) = Ar’-bB, r>Z ...(lb) 

where G and A are constants and /and 5 arematch- 
ing parameters. 

Here Z is the distance at which the forces caused by 
the coulomb and the oscillator potentials are the same. 
Physically, Z will be realized as first Bohr radius for 
the light quark system. At a distance r= 2; the forma- 
tion of an additional qq pair takes place out of the orig- 
inal field between q and q. This new pair of q and q af- 
ter interaction with the original light quark pair forms 
the charmed mesons (heavy quarks, Q and Q). 

In order to calculate the mesonic energy levels we 
obtain the appropriate wavefunctions and energy ei- 


genvalues by solving the Schrodinger equation separ- 
ately for the potentials 1^ and V 2 . Since the charmed 
quarks are massive particles, they have been treated 
nonrelativistically. As is weU known, the energy eigen- 
value expression for the potential is given by® 



where, is the reduced mass. 

We argue that the low-lying states of the *1^ system 
may depend on the coulomb potential (la), while the 
higher excitations should depend on the oscillator 
potential (lb), since the radial separation between the 
quark - antiquark pair will be larger in this case 
( r > Z). So the binding energies for short ranges n = 1 
and n= 2 are calculated by Eq. (2). 

We have assumed that the two potentials join 
smoothly at r= Z. By equating the potentials (la) and 
( lb), and also their fest derivatives at r= Z, we get the 
following two relations: 


~+/=AZ"+5 



Eq. (3) shows the transition from first to the second 
potential. 

Now we consider the potential and write its well 

known energy eigenvalue expression® 

E„ii={n->r?)fl)a>+ B ...(4) 


where, co~{2A/fiy-''^. The binding energies corres- 
ponding to /z > 2 are calculated by this expression. 

The masses of the charmonium boimd states are 
obtained by = 2 + E„ (where trie is the mass of 

charmed quark). These masses have been shown in 
Table 1, 

Further, we have calculated the leptonic decay 
widths of charmed mesons using the standard result 


■e^ e 


2 2 
\6nea a 


mo)f 


Here a = l/137is afinestructure constant, eq( *=* 2 / 3 ) 

is charge of charmed quark, IV’n(0)l^ is the square of 
the wavefunction at the origin and M„ is the mass of the 
meson. The values oftpniO) for the coulomb part is ob- 
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Table 1 —Mass (inGeV ) of the ccBoundStates 


State 

A 

B 

C 

Is 

3.096 

3.095 

3.096 

2s 

3.686 

3.684 

3.686 

3s 

4.160 

4.040 

4:16 

4s 

4.415 

4.414 

4.415 


A Present calculations 

B Prediction of Kulshrehtha and Kaushal’^ 
C Available experimental data” 


Table 2— Leptonic Decay Widths r( e e ■" ) for the 
cc Bound States (keV) 


States 

A 

B 

C 

If (3.096) 

25.0 

26.1 

4.810.6 

VI (3.686) 

2.2 

2.3 

2.110.3 

ip (4.16) 

0.73 

0.57 

0.7510.10 

tp (4.415) 

0.40 

0.20 

0.4410.14 


The symbols A, B and C are the same as in Table 1. 


List of constants 

Q= 1.303 /= 0.1785 GeV 

A=0.03 GeW 0.436 GeV 

A=2.7GeV'i 1.852 GeV 


tained from the standard solution of the Schrodinger 
equation 


V'h(r) 



g-Gf/flo 



— Cr/ao 


In Eq. (6) G and Uq are constants. 

In the oscillator part, the expression for tp contains 
the Laguerre polynomial, the value of which connot be 
determined for alternate values of n. Thus we use here 
the following semi-classical formula derived by Quigg 
and Rosner^® for the values of the s-wavefunction at 
the origin for deriving an explicit expression for the 
leptonic decay widths: 

Ef — • • • (”7) 

4jt^ " dn 

where E„ is the binding energy of the nth state md 
^E^/dnh the derivative of the eigenvalue expression 

with respect to n. 

The decay widths calculated have been listed in 
Table 2; for comparison, the corresponding experi- 
Cental results have also been included. 

hi the present work, the mass spectra and leptonic 
decay widths of the various ccboimd states in a two- 
step potential have been obtained. The results ob- 


tained by us (see Table 1 ) clearly show that the two- 
step potential consisting of a combination of the cou- 
lomb and oscillator potentials provides abetter agree- 
ment with the experimental data^^ on the masses of the 
If^resonances than the two-step potential used by Kul- 
shreshtha and Kaushal'^ Farther, our results for the 
leptonic decay widths also show better agreement 
with the experimental values than those obtained by 
Kulshreshtha and Kaushal^^. Though the results of 
Eichten et al^ are somewhat better than our results for 

thelower states, for higherstatesourresultsarein bet- 
ter agreement with the available experimental data. 

The authors are grateful to Prof. Kamal Kumar, 
Principal, Government Engineering College, Jabal- 
pur, for encouragement. 
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The Green’s function analysis of substituted and perturbed mole- 
cules is applied to the study of vibrations of thioformaldehyde. Ele- 
gant isotopic rules are formulated for both in-plane and out-of- 
plane vibrations. The potential energy constants and mean vibra- 
tional amplitudes are evaluated. The force constants of the present 
study display a very good agreement with the literature values. 


The availability of isotopic data for thioformaldehyde 
makes it ideal for the application of the Green’s func- 
tion procedure^"** in fixing its force field. Thiofor- 
maldehyde belongs to the € 2 ^ point group with six 
vibrations which are distributed as; 3 ./4i +15i +2 82 - 

Method ofcomputation —The isotopic rules for differ- 
ent vibrational species for the perturbation 
H2CS -♦ DjCS are derived by solving the secular equa- 
tion; 

|etu^ G(<w^)-H /] = 0 . • . (1) 

The normal coordinates giving the reliable solution 
for the Ai species are chosen as follows; 

Qi=5i 

(22={52+fl53Ml + a2)l^ 

Q3=(53-fl52Ml + a2)i^, ...(2) 

where a is the mixing parameter. The normal coordi- 
nates for the B2 species are; 

Qs=={Ss+hS,)/(l + h^y'^ 

Q6=(S6-bS5)/(l + b2)i/2 .,.(3) 

where b is the mixing parameter. There is only one vi- 
brational motion in species. 

Hence ...(4) 

The determinantal Eq. ( 1 ) takes the form; 

[{ £(U^ G22 {( 0 ^)+ ECO^ G25 ( ) + 1 } 

X 033(^2) + £m2G36(ft)^)+ 1} 

-{eO)^ G23(cO^}- EO)^ G26{(U^)+ 1} 


X [{eoj^ G22(<»^)+ G25(<W^)+ 1} 

'X {£<y2 G33((U^) + E(0^ G36((U^)+ 1} 

-{eo}'^ G23{a)^) + E(0^G2s{a)^) 

+ ip] = 0 ...(5) 

for the in-plane vibrations and 

[{£a>2G„(m2) + ip-{£c,2(j^^(^2)}2] = o .. (6) 

for the out-of-plane vibration. These relations give the 
fi-equencies of the isotopically substituted molecule. 
The mixing parameter matrix >1 is constructed from 
the isotopic rules and the force constants are obtained 
using the procedure outlined in Ref. 3. The mean am- 
plitudes of vibration are calculated following the 
standard procedure^’®. 

Results and discussion— The, molecular parame- 
ters, the internal symmetry coordinates and the vibra- 
tional frequencies are taken from Ref. 7.The elements 
of the inverse kinetic energy matrix are obtained by the 
method of Wilson et aL^ 

Thioformaldehyde has been the subject of several 
interesting spectroscopic studies since Ae first obser- 
vation of the microwave spectrum by Johnson and Po- 
well^. Infrared spectra of H2CS and D2CS have been 
observed in the gas phase by Turner et aV 

The force field study of H2CS has been attempted 
elsewhere’’^”. Following Wilson’s FG matrix meAod, 
the force constants of H2CS have been computed by 
Natarajan and Rajalakshmi’'®. A general harmonic 
force field for this molecule has been determined to fit 
the vibrational wavemunbers, Coriolis constants and 
centrifugal distortion constants by 'Rimer etaV In the 
present work, the force constants in symmetry coor- 
dinate system are computed directly from the isotopic 
rules which are derived without employing any force 


Table 1 —Force Constants of H 2 CS (mdyn/A) in Internal 
Coordinate System 


Force constants 

Present work 

/r 

4.9279* 

/r 

6.7572 

fa 

0.3735 

h 

0.3192 

fu 

0.1098 

frR 

0.2743 

{fra -fry 

0.0445 

{fna 

-0.0922 


*The number of significant figures is retained to secure internal 
consistency in calculations. 
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Table 2 Mean Amplitudes of Vibration in A at 298 K 



Present work 

O^C-H 

* 0.0778* 

^C-S 

0.0411 

%.JH 

0.1227 

^H..S 

0.1008 


’Same as in Table 1 


Literature 

0.0760 (Ref. 18) 
0.0778 (Ref. 10) 
0.0389 (Ref. 19) 
0.0417 (Ref. 10) 


field model. The force constants of HaCS in internal 
coordmate system are reported in Table 1 . The C - H 

the present study 
®dyn/A)is close to the value report- 
V9-» “'*■561 nidyn/A in Ref. 7 
ailflf 10). The value of/c-s cal- 

j f ^ agreement with the previously 

and/, are also com- 
literature values^®. Some of the ob- 
sn ^ pointed out by the earlier workers in re- 
So constants F,, , F,, and F,^ 

mod i iiorc- On the basis of hybrid orbitM 

pointed out negative value for A,, and 
ye v^ue for F^j in order to fit the vibrational fre- 
present work F^^ = - 0.1212 mdyn 



- xiivtjfiv rt . ) muicaies me lenaency oi me 

2 group to contract as the CS bond is stretched. It is 
compare the force field of thiofor- 
wh formaldehyde obtained else- 

sh ' It is clear that the C - H bond length is 
fo°^^^^*e.HCHbond angle larger for H 2 CS than 
is accordance with a trend which 
cto ? ^eehange in the C—H stretching force con- 

tants of these two molecules. 

is p antisymmetric C — D stretching fi-equency 
jj to be 2248 cm~ ^ with the use of isotopic 

Dla pertaining to B 2 species. The out-of- 

nn^^.rarce constant F 44 is calculated to be 
^•3635 mdyn/A. 

^ matm constructed through the Green’s 
^ formalism is used along with the vibrational 
compute the mean amplitudes of vibra- 
bonri ®can vibrational amplitudes for both 
in TaW ^°^'bonded distances at 298 K are given 

than "^^^Porce constant of C - H bond is smaller 

jj, of C— S bond and hence we find that the 
/y. square amplitude for C— H bond 
4 /:-h -60.4893 X 10 “'* A^) is found to be larger 


thanthat(^_s = 16.8665 X 10-4 A 2 )forC-Sbond. 



agreement with the experimental values^®'^^ 
i^c-H =0.0760AinRef. 18 and Oc-s =0.0389Ain 
Ref. 19).Thepresentvaluesof < 7 c-h and a^s are al- 
so close to the calculated values given in literature^®. 

It is clear that the Green’s fimetion method is well 
suited for interpretation of force field of polyatomic 
molecules for which the parent frequencies and the is- 
otopic frequencies are available. The mixing parame- 
ter is determined from these observed frequencies. 
Another advantage of this method lies in the fact that 
no assumptions are made regarding the force fields 
and all calculations are solely based on experimental 
values. The force constants thus obtained give a better 
physical picture. Themostimportantpointhereis that 
theforce constants can begenerated directly from the 
frequencies without employing a force constant mod- 


el 
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The electronic spectra of 2-methylmercapto-3-methylpyrazme 
in vapour and liquid states in the region 50000-28000 cm“*, and 
the infrared absorption spectrum in liquid state in the region 
4000-400 cm“' have been investigated. Various electronic trans- 
itions are classified. The infrared bands are interpreted in terms of 
fundamentals, their combinations and overtones. Modal assign- 
ments of the fundamentals are also made. 

In pyrazine, usually an n-jrand two jr- jrband systems 
are observed. The n-n band system shows a regular 
vibrational structure and is of spectroscopic interest 
due to the involvement of the forbidden vibronic 
band. Investigations have been made by several re- 
search workers on the spectra of pyrazine and substi- 
tuted pyrazines^“®. In the present note, we have stud- 
ied the spectra of 2-methylmercapto-3-methylpyra- 
zine and concentrated on classifying the various elec- 

‘Department of Physics, St Andrew’s College, Gorakhpur 
tDepartment of Physics, Shivapati Degree College, Shohratgarh, 
Basti 


tronic transitions and to make a vibrational assign- 
ment of the infrared bands. In the absence of vapour 
phase infrared absorption spectra together with Ra- 
man shifts, our assignment of infrared bands is tenta- 
tive and is based on group frequency approach to- 
gether with the data available for substituted pyra- 
zines. 

The electronic spectra have been recorded in va- 
pour phase with a cell of path-length 5 cm and in liquid 
state with a cell of 1 cm path-length on a CZ UV-VIS 
double beam spectrophotometer in the region 
50000-28000 cm“^Theconcentrationofthesample 
in the Uquid state has been varied from 10“^ to 10“® 
M The analysis of bands together with their correla- 
tion with those of pyrazine and a few methylsubstitut- 
ed pyrazines, is presented in Table 1 . The accuracy of 
our measurement for these bands is ± 40 cm~^ The 
infrared spectrum in the liquid state in the region 
4000-400 cm“^ has been recorded on a CZ specord 
75 IR spectrophotonieter. The bands are analyzed in 
terms of various normal modes of the ring and of the 
functional groups and are presented in Table 2. The 
accuracy of measurement of these bands is ± 7cm~k 

The substitution of the methyl group at position 3 
and the methylmercapto group at position 2 in the 
conventional structure of pyrazine does not provide 
any plane other than the plane containing all the at- 
oms and hence Q point group has been ascribed to 
this molecule. Four band systems are observed but ex- 


Table 1— Analysis of the UV Absorption Spectrum of 2-Methylmercapto-3-methylpyrazine in 
Liquid and Vapour State and its Correlation with Those of Pyrazine and 
a Few Methyl Substituted Pyrazines 
All values are in cm“*. 


Molecule 

Solvent 

n-TT system due to 

First 

Second 

Third 

Ref. 



non-bonded electron 

n-n 

n-n 

ji-ji 




of the nitrogen atom 

system 

system 

system 


Pyrazine 

Vapour 

30876 

37839 

50880 

60700 

7 

pyrazine 

Hexane 

30500 

38400 

51500 




Ethyl alcohol 

32400 

38200 

_ 

_ 


2,5-Dimethylpyrazine 

Water 

33200 

38400 



8 

Cyclohexane 

31900 

36600 



2-Methylpyrazine 

Cyclohexane 

31241(320 m/t) 

37583 

— 



.9 

2-Methylmercapto- 

3-methylpjTazine 

Vapour 

36240 

(266 m/t) 
33440 

41360 

43760 

Present 

work 


Dioxane 

34000 

31600 

40320 



Water 

34400 

31440 

40400 

44640 



A/10 Sulphuric acid 

— 

28720 

38160 

41760 



A/10 Sodiumhydroxide 

34640 

31360 

40320 

45360 



Methyl alcohol 

34320 

31600 

40400 

44400 



Chlorofo'rm 

34240 

31520 

40080 

— 



Carbon tetrachloride 

34080 

31760 

38880 

— 



600 



NOTES 


Table 2— Infrared Absoiptioir Bands 
of 2-Methylmercapto-3-methylpyrazine 
in liquid State and Assignments 


(All values are in cm"* ) 


Position of 
the bands 

433 (sh)* 
440 (vs) 
520 (w) 
573 (w) 

600 (w) 
673 (m) 
727 (w) 
747 (w) 
866 (vs) 
900 (w) 
980 (vs) 
1027 (w) 
1040 (w) 
1053 (w) 
1073 (vs) 
1100 (ws) 
1147 (ms) 
1187 (ws) 
1213 (w) 
1247 (w) 
1313 (m) 
1353 (vs) 
3100 (w) 
3440 (s)* 


Assignment 

Position of 
the bands 

Assignment 

— 

1360 (vs) 

CH 3 sym bending 

'*'l6b 

1373 (vs) 

CHj bending 


1426 (ms) 

*'l9b 


1446 (ms) 

CH 3 asym bend- 
ing 

1500-900 

1500 (sh) 

Vl9a 

V 4 

1513 (vs) 

Vgb 

1247-520 

1600 (w) 


Hc-H) 

1633 (w) 

1073 + 573 


1780 (ms) 

1100 + 673 

1426-520 

1900 (ms) 

747 + 1147 

MC-H) 

2020 (m) 

866 + 1147 

1600-573 

2327 (ms) 

1147 + 1187 

— 

2420 (w) 

1073 + 1353 

1500-440 

2440 (w) 

1073+1360 

Vu 

2540 (w) 

1187+1360 

V12 

2620 (w) 

1247 + 1373 

AC-H) 

2713 (m) 

2 X 1353 

^(C-H) 

2846 (w) 

— 

— 

2920 (vs) 


v(C-CH 3 ) 

2940 (vs) 

v(C-H)aliph 

ACHjSH) 

2980 (ms) 


CH 2 bending 

ttC-H) 

v(N-H)? 

3040 (s) 

t<C-H) 


The relative intensity is shown in parentheses as follows: sh, 
shoulder; s, strong; vs, very strong; m, medium; w, weak; v, stretch- 
^ A in-plane bending; y, out-of-plane bending 
Obtained at higher concentration 


cept for a broad envelope none of them shows any 
stiucture. All the three 7 i- 7 t transitions show a red 
shift whereas the n-n system shows a blue shift with 
respect to the spectra of pyrazine (Table 1 ). This result 
^ accordance with the general observationfor simi- 
srniolecules. Also, the n-7c transition is absentin N/ 


10 sulphuric acid solvent, as is expected. In the light of 
the blue shift of n-n system, it has been deciphered 
that the substituents are acting as electron donors and 
are stabilizing the ground state more than the excited 
state. 

Nearly all the vibrations as obtained in the infrared 
spectrum have been assigned and presented in Table 
2. Some observations on the ring vibrations are note- 
worthy. The Vi and Vg modes, which are the ring 
stretching and bending modes respectively, have 
been found to be mass dependent by Simmons et aP 
On the basis of the observations available for similar 
molecules, the Vj mode has beenassigned at 866 cm"^ 
and 520 and 573 cm"^ have been taken as the compo- 
nents of the Vg mode. The other ring vibrations which 
arenotverysensitivetomassare V 4 , Vjj, V 14 , Vgand Vjp. 
These are assigned on the basis of the data available 
for pyrazine and substituted pyrazines and are in- 
cluded in Table 2. 
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Molecular interactions in binary liquid mixtures: 1 -buta- 
nol + benzene, 1-butanol -t-tetrachloromethane, and 1-buta- 
noH- acetone, have been studied at different temperatures (35- 
50°C) by ultrasonic velocity measurements. Adiabatic compres- 
sibility, intermolecular free-length and available volume for these 
systems show positive deviation at aU temperatures. This indicates 
weak interaction between molecules of the components in the mix- 
tures. The nature of variation of the acoustical parameters and 
their excess values give information about the type of interaction 
taking place in these binary systems. 


(Mittal Enterprises, New Delhi) working at a fixed fre- 
quency of 2 MHz. Water maintained at the desired 
temperature and controlled up to ± 0.05°C by a ther- 
mostat was passed through the j acket of the cell before 
the measurement was actually made. The measured 
velocities have an uncertainty of ± 0.5 m s“ ^ 

Theoretical aspects— From the measured velocity 
the adiabatic compressibility (Pa^) of ^ solution is de- 
termined by using the relation 


where U is the ultrasonic velocity in the medium of 
density p. 

Intermolecular fi'ee-length ( D has been calculated 
by using semi-empirical relation given by Jacobson®: 


Ultrasonic investigations find extensive application in 
characterizing aspects ofthe physico-chemicalbehav- 
iour of liquid mixtures. Condiderable work^'® has 
been reported on the measurement of ultrasonic ve- 
locity in binary liquid mixtures to investigate the mo- 
lecular iftteraction. In our previous communication®, 
the molecular interactions in binary liquid mixtures 
have been studied by riscosity measurements. In or- 
der to confirm our findings and evaluate several 
acoustic parameters, the ultrasonic studies have been 
carried out. The present note deals with the study of 
adiabatic compressibility, intermoleculaar fi-ee- 
length and available volume for three binary systems: 
1 -butanol + benzene, 1 -butanol + tetachlorome- 

thane and 1-butanol-t- acetone at different tempera- 
tures {35-50°C). 

Experimental details— Merck or B.D.H. reagent 
grade liquids were purified by standard methods’ and 
their boiling points were found: 1-butanol, 116-117°C, 
benzene, 80°C, tetrachloromethane, 76.5°C and ace- 
tone, 56°C. Mixtures of known composition were pre- 
pared by volume taking precautions as far as possible 
to keep the solutions out of contact with atmosphere. 

The densities were measured at constant tempera- 
ture( ± 0.005°C)withadilatometer constructed ofpy- 
rex glass having a reservoir volume of 1 5 ml. The mea- 
suring section was constructed of precisely bored 
graduated capillary. The uncertainty in density mea- 
surement is ±10“‘’gml"^ 

Ultrasonic velocity in samples was measured with 
the help of a single-crystal ultrasonic interferometer 


•Department of Physics 
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A=(%r -p' 

where iC is a temperature-dependent constant. 

Molar volume ( V) has been calculated from the 
equation: 

F= M/p ... (3) 

where +{l-Xy)M 2 ', X being the mole 

fraction, Mthe molecular weight and suffixes 1 and 2 
stand for the first and second components respect- 
ively. 

Available voliune ( has been obtained by the fol- 
lowing equation^: 

K-r{a-§] ...(4) 

where V is the molar volume and U, and Uq are the 
sound velocities at temperature /and 0°C respectively. 
Molar sound velocity ( R) has been calculated as: 

R = ...(5) 

P 

Results and discussion —Values of C7and allied par- 
ameters for the systems: l-butanol + tetrachlorome- 
thane, 1-butanol + benzene and l-butanol + acetone 
have been given in Table 1 . t/increases with increase in 
mole fraction of benzene whereas it decreases with the 
increase in mole fraction of tetrachloromethane and 
acetone. This indicates that the interaction is not simi- 
lar in all the cases. The ultrasonic velocity varies non- 
linearly with concentration in each system at different 
temperatures. In each system the velocity at any con- 
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NOTES 


Mole 
fraction of 
Tbutanol 


Table 1 -Ulttasonic Velocity and Allied Parameters in Binary Liquid Systems 

P,dXl 0’2 Lf y y 

(cfli^dyn-') (A) (mlmol-*) (mlmori) 


0.000 

0.1042 

0.2075 

0.3098 

0.4111 

0.5111 

0.6110 

0.7096 

0.8073 

0.9049 

1.0000 


P 

(gml-i) 


1.5680 

1.48058 

1.4058 

1.3327 

1.2565 

1.1844 

1.1143 

1.0439 

0.9669 

0.8951 

0.8970 


V 


881 

891 

907 

932 

958 

990 

1024 

1060 

1106 

1156 

1206 


1 -Butanol + tetrachloromethane 


80.33 

86.64 
86.51 
86.38 

86.64 

86.21 

85.65 
85.26 
84.54 
83.60 
86.00 


0.4192 

0.4337 

0.4343 

0.4350 

0.4347 

0.4343 

0.4329 

0.4319 

0.4301 

0.4276 

0.4337 


90.0 

98.3 

97.8 

96.9 

96.3 

95.4 
94.3 

93.2 

92.5 

91.2 
92.8 


32.0 

32.7 

31.2 

29.3 

27.2 

24.7 

22.0 

19.2 
15.9 

12.2 

9.0 


at35°C 

R 

(cm s" 

4365 

4390 

4392 

4393 
4408 

4413 

4414 
4417 

4442 

4443 
4584 


0.000 

0.8635 

0.0969 

0.8552 

0.1945 

0.8472 

0.2927 

0.8413 

0.3916 

0.8344 

0.4923 

0.8286 

0.5916 

0.8229 

0.6926 

0.8159 

0.7944 

0.8093 

0.8977 

0.8055 

1.0000 

0.8970 

0;000 

0.7736 

0.0817 

0.7752 

0.1668 

0.7791 

0.2556 

0.7799 

0.3481 

0.7823 

0.4451 

0.7867 

0.5458 

0.7882 

0.6515 

0.7913 

0.7622 

0.7922 

0.8793 

0.7945 ■ 

1.0000 

0.8970 


1 -Butanol + benzene 


1247 

74.44 

0.4036 

1228 

77.54 

0.4124 

1221 

79.20 

0.4165 

1218 

80.12 

0.4186 

1214 

81.24 

0.4216 

1211 

82.29 

0.4243 

1208 

83.27 

0.4268 

1205 

84.43 

0.4298 

1201 

85.58 

0.4327 

1187 

88.32 

0.4395 

1206 

86.00 

0.4337 


1-Butanol + acetone 

1112 

104.61 

0.4784 

1118 

103.39 

0.4756 

1130 

100.95 

0.4699 

1136 

99.77 

0.4672 

1141 

98.71 

0,4647 

1153 

96.24 

0.4588 

1162 

94.72 

0.4552 

1174 

92.76 

0.4505 

1185 

90.74 

0.4455 

1194 

89.21 

0.4418 

1206 

86.00 

0.4337 


90.5 

6.0 

4519 

90.9 

7.3 

4517 

91.3 

8.8 

4528 

91.4 

8.0 

4533 

91.7 

8.3 

4542 

91.9 

8.5 

4546 

92.0 

8.8 

4550 

92.3 

9.0 

4561 

92.6 

9.3 

4568 

92,7 

10.3 

4515 

92,8 

9.0 

4584 


75.1 

12.6 

3611 

76.6 

12.4 

3690 

78.0 

12.0 

3771 

79.7 

11.9 

3860 

81.4 

11.8 

3948 

82.9 

11.3 

4035 

84.8 

11.0 

4138 

86.6 

10.4 

4240 

88.7 

10.0 

4359 

90.8 

9.6 

4474 

92.8 

9.0 

4584 




Fig. 2— Excess intermolecular free-length ( L' ) vs mole fraciion of 
1-butanoI (A', )in system: 1 -butanol + tetrachloromethane (0-0). 
1-butanol + benzene( A - A ). 1 -butanol + acetone(x - x)at 35“C 
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Fig. 3— Excess molar volume ( Vf ) vs mole fraction of 1-butanol 
(Xi) in system; 1-butanol +tetrachloromethane (0-0), 1-buta- 
nol + benzene( A - A ), 1-butanol + acetone (x — x) at 35°C 

centration is found to decrease with increasing tem- 
perature. 

Values of Pad are also shown in Table 1 . At any parti- 
cular concentration, the values of P^^ are foimd to in- 
crease with increasing temperature. The plots of p vs 
Xi show a change in solpe at mole fractions 0.404, 
0.40 and 0.70, in tetrachloromethane, acetone and 
benzene respectively. 

The decreasing values (Table 1 ) point to a closer 
packing of the molecules brought about by association 
interaction between them or due to inert molecules 
filling up interstitial position when the polar molecules 
associate to form a large molecule*'’. Therefore Lf de- 
creases with increase in 1 -butanol in the mixture and R 
increases. However, in case of l-butanoU- benzene 
mixtures the behaviour is otherwise (Table 1). 


The excess properties such as P^, Lf and Vf have 
been calculated and are plotted against mole fraction 
of 1-butanolinFigs 1-3. In eachsystemtheexcess pro- 
perties show a maximum at an intermediate concen- 
tration and the excess properties are found to de- 
crease with increasing temperature. 

Positive values in excess properties correspond 
mainly to the existence of dispersion forces**, and a 
positive value tending towards a negative one shows 
that the strength of interaction increases. In case of 
1-butanol + tetrachloromethane, the positive values 
tend to a negative value showing the strong interaction 
between the unlike molecules. The interaction 
strength in the system of 1-butanol + tetrachlorome- 
thane is greater than that in 1-butanol -I- acetone and 
1-butanol + benzene. In conclusion, the present study 
coroborates the inferences of our earlier work®. 

The authors are thankful to the College authorities 
for providing laboratory facilities. One of the authors 
(J.S.T.) is greatful to the University Grants Commis- 
sion, New Delhi, for financial assistance. 
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Vacuum deposited TLS films when formed on different faces of 
rocksalt crystals grew epitaxially developing 2 — r/| 00. 1 } orienta- 
tion without any phase change and retaining the bulk structure 
(rhombohedral, hexagonal; a= 12.20A, c= 18.20A). It is con- 
cluded thatTljS is a stable compound and does not undergo any 
dissociation during vacuum deposition. 

Tallium sulphidefilms have attracted considerable at- 
tention because of their interesting semiconducting, 
photoconducting’’^, photovoltaic^, lasing and other 
properties. A literature survey showed that no study 
has yet been made on the nature of vacuum-deposited 
thallium sulphide films. Since many sulphide films 
such as tin sulphide**, nickel sulphide and indium sul- 
phide films® showed phase changes during vacuum 
deposition, an investigation has been made on thalli- 
um sulphide films formed on single crystal substrates 
at different substrate temperatures (fj, to find out if 
any such change occurs on thallium sulphide films 
also, 

Experimental procedure — Bulk thallium sulphide 
was prepared by passing H2S gas through a solution of 
thallous nitrate (BDH) acidified with acetic acid. 
Blackish precipitates thus formed were then washed 
several times with distilled water, dried in vacuum 




Fig. 4 Fig. 5 I 

-J- — 

Fig 1 -Electron diffraction pattern of highly oriented 

polycrystallinedepositsofTI,S(normalincidenibeam) 

Fig 2-Diffraction pattern similar to Fig. 1 for an oblique beam 
( = 30°C) 


Fig. 3— X-ray diffraction pattern of TbS powder 

p 4— Diffraction patterns revealing 2-£400.1) orientations of 
% (the crystallites rotated by 30°) formed on NaCl ( 1 00) face at 


und then pressed to form pellets which were evapo- 
mted in vacuum ( 10 “ ®mm of Hg) from tungsten bas- 
'st type of filaments (pre-flashed) at different tempe- 

The substrates used were (100), (110) and , rmni and nbliaue (by 30°) incidences 

( ll)facesofrooksalt,cleavagefaces ofmicaandalso spectivey y”*? .j.. (/-values (Table l)corre- 

Polycrystalline sodium chloride tablets as well as am- of an electron • fmm 

orphous glass pieces. The deposited films were then 
examined by electron diffraction method by reflec- 
Uon and transmission, as the case may be. 

Aesn/fs— Yacuum-deposited films formed on po- 
i crystalline sodium chloride tablet at room tempera- 
re led to the formation of highly oriented sulphide 
' as can be judged from the diffraction patterns, 
e patterns shown in Figs 1 and 2, were obtained re- 


Fig. 5-Diffraction patterns revealing 2-rf{00 0 orientation of 

Tl,S,formedonNaCl(110)and(lll)faces 


nf an electron beam, ine a-vaiues 

mond exactly with those of TI,S films obtained from 

nydata(ASTMcardNo.6-0378).Thebulkpower 

examined by X-ray diffraction ^ 

31 also revealed that it has a rhombohedral structure 
(hexauoX= 12.20A, c= 18.20 A) corresponding 

lo thahium sulphide (TUS) compound^As^igh™^ 

firm of intensity of reflections in the X-ray and elec 
on inaction patterns was noticed which was no 
‘l°i: ,n the formation of highly onented T1,S 


Post Graduate Department of Physics. MJ- DenositS formed on the cleavage faces of rocksa 

Jaleann 
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Table 1 —Analysis of Electron Diffraction Pattern 


I/Io 

(Fig.l) 

4A) 

(hk.l) 

w 

6.04 

11.0 

s 

3.52 

30.0 

s 

3.05 22.0,00.6,30.3 

vv 

2.75 

22.3 

ww 

2.60 

40.0 

ww 

2.39 

32.1,21.6 

m 

2.28 

30.6 

ww 

2.16 

10.8 

vs 

2.02 

33.0 

ww 

1.76 

60.0 

m 

1.68 

33.6 

vw 

1.61 

33.8 

ww 

1.52 

44.0,60.6 

w 

1.47 

44.3 


Hexagonal; a = 12.20 A; c= 18.21 A; c/a= 1.49 
w weak, m medium, s strong, and v very 


became epitaxial at temperatures as low as about 
100 °Cand abetter crystallinity was obtained athigher 
t, from films formed at 4 = 200°C, suggesting that the 
deposits developed 2-^/fOO. 1 } orientations of theTl 2 S 
films, with the crystallites being rotated by 30‘’(Fig. 4). 
Films formed both on ( 110) and ( 111 )faces of rocksalt 
also developed 2-rf{00. 1 } orientations (Fig. 5 ), but the 
crystallites did not show any azimuthal rotation, un- 
like those formed on (100) faces. On mica, as well as 
on glass substrate, the deposits mostly developed a 
preferred l-i/( 00 . 1 } orientation, often mixed with 
other 1 -J oriented crystallites, such as { 10 . 0 }, { 10 . 1 } 
and { 10 . 2 }. 


Discussion— T\-S system froms two well-known 
compunds, viz. TI 2 S (rhombohedral, hexagonal; a = 
I2.20A, c= 18.20 A and c/a = 1.49) and TIS (tetra- 
gonal; a = 7.79A, c= 6.80 Aand c/a = 0.88), though 
the formations of other sulphides such as TI 4 S 3 , TI 3 S 2 , 
TlgSy, TI 7 S 13 and TIS 2 have also been reported®. It is 
interesting to note that the deposits formed at various 
substrate temperatures retained the bulk structures 
without undergoing any phase change unlike those of 
In-S, Ni-S® and S^S films'*. Earlier, Barua and 
Goswami’ have observed that thallous selenide and 
thaUous teUuride also retain the bulk structures. The 
present study thus shows that TI 2 S is a stable com- 
pound and does not undergo any dissociation during 
vacuum deposition. Further, these deposits also be- 
come crystalline, even when formed at room temper- 
ature, and have a low epitaxial temperature, presu- 
mably due to the low melting point of TI 2 S compound 
(m.p. 443°C). 
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Experimental measurements of dielectric relaxation time 
some substituted glycol methylethers are reported. ^ . 

mental values of nuclear spin - lattice relaxation tune 1 1,) touna i 
the literature have been correlated with the calculate va 
NMR spin-lattice relaxation time obtained using vanous eq 

attonsforcalculatingthedielectricrelaxationtime.T eca 

valuesofrandTiobtainedbyMurty’sequationarembetteragr 

ment with the experimental values. Therefore, it has ^ 
eluded that the Murty’s equation is a better representa ton 
dielectric relaxation phenomenon. 

Structural studies of the organic compounds using 
dielectric relaxation mechanism and nuclear 

tirtPC/^non Cl cuLiect of interest. 1310 


field of neighbouring spms. If the spin w^ch induces 
the relaxation is attached to the same molecule as the 
relaxing spin, the fluctuating field is produced by mo- 
"rSriktationa! motion. The conlnbuhon of 

this mechanism to the overall ( %) is denoted by ( T,)roi. 
, nf-f-iirs when the relaxing spm 



ferent molecules IS oenoieu uy v 

a al.' have calculated the probability 

duced as discussed in our earher v/ork’. Later Kubo 

DebyeequanonWmo" 




emoergen, and Furcell ana I'ounu — 

viated asBPP)have derived an expressionfor tn^nuc- 
lear magnetic relaxation which is closely re a e ^ 
Bobye’s^ theory of dielectric dispersion in po ar 
quids. Many workers have calculated , 

lattice relaxaation time from BPP theory an ou 
diatthe calculated values were ranging from i//i 
1/10 of the experimental values. In the 
the author has modified BPP equation using Muny 
equation for dielectric relaxation instead o o y 
equation as used by BPP. 

The • - 

iHi 


•uisobse.ed,»mTablel^^a.mer^^^^^^^^ 

to taSmo- 

which IS *ay also be interpreted in 

Sroftoramdecular rota tion of nteUtexy group. 

at 293 Ik 

, -din ps) from 

Compound 


methyleiher 

Diethyleneglycol 

methylether 

Triethyleneglycol 

methylether 

Tetraethylene 

glycol methylether 


Exptl 

44.6 

Debye 

Eq 

145.2 

Perrin 

Eq 

52.3 

Writz 

Eq 

25.4 

Murty 

Eq 

52.8 

69.4 

188.6 

67.9 

33.6 

67.2 

86.7 

242.8 

87.4 

46.4 

88.4 

105.6 

297.7 

107.2 

61.3 

110.9 


Compound 


Monoethylene glycol 
methylether 
Diethylene glycol 
methylether 
Triethylene glycol 
methylether 
Tetraethylene glycol 
methylether 


Table2-Spm-Lattic= 

Various Equations at 293 Ik 

7 ; (in s)from 

P^i?rin^q VWtziq 

Exptl Debye Eq Pemntq 

78 11.18 <5.9 

3.8 

4.8 


(Ref. 11) 
6.5 


4.3 

3.8 

3.2 


2.9 

2.6 

2.2 


6.6 

5.9 

4.8 


9.8 

8.6 

7,1 


3.6 

8.5 


607 


INDIAN J PUEE & APPL PHYS, VOL. 24, DECEMBER 1986 


The addition of ethylene glycol groups in the higher 
polymers hinders the intramolecular rotations sug- 
gesting that the freedom of rotation of the methoxy 
group decreases from mono to tetra polymers, result- 
ing in the observed increase in the relaxation time. 

It is apparent from Table 2 that values of spinlattice 
relaxation time calculated using BPP equation are 
smaller than the experimental values. Moniz et al}^. 
also agreed with this view that BPP treatment gives 
much smaller value of 7], but according to them the 
discrepancy in results is due to the time dependence 
of rotational angular auto-correlation functions of 
these molecules; they suggested that this time de- 
pendence is dominated by dynamical coherence rath- 
er than by frictional forces as used in BPP theory. 

When Writz and Perrin modifications are used in 
calculation for T\ a better correlation has been ob- 
tained. The values of c^culated using Murty equa- 
tion are in quantitative agreement with the experi- 
mental values . Therefore it is concluded that the Mur- 
ty equation is a better substitute for the correlation 
time. 

However, any discrepancy which still remains be- 
tween the calculated and experimental values of 7j 
can be explained as due to the fact that dielectric re- 


laxation equations are valid for dilute solutions 
whereas the spin-lattice relaxation time has been de- 
termined in pure liquid state of these compormds. 

The authors are deeply indebted to Prof. V D Gup- 
ta, Head of the Physics Department, Lucknow Uni- 
versity for his keen interest and kind encouragement 
throughout the progress of this work. 
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The optical absorption in the region 200 to 800 nm and ther- 
moluminescence (TL) of LiF single crystals subjected to different 
dc fields and simultaneously irradiated with X-rays, have been 
studied. The F-band absorption at 250 nm increases with dc field 
up to 10,4 kV/cm, beyond which it decreases. The bands at 310 
und 380 nm — apparently due to F-aggregate centres — intensify 
with dc field. TL of X-ray irradiated LiF exhibits three glow peaks 
3t 195, 325 and 352°C. The TL light output in the first peak in- 
creases with dc field up to 10.4 kV/cm, beyond which it decreases; 
owever, the TL light output in the last two peaks increases un- 
I omily with dc field. These results are explained on the basis of 
in ion vacancies and F-centre concentrations. 


A Study of the colour centre phenomena in KCl and 
some other alkali halide crystals subjected to large ac 
fields and later irradiated with X-rays— carried out in 
bur laboratory— has yielded considerable insight into 
t e electronic processes in these solids. For example, 
eac field-treated samples, on X-ray irradiation, ex- 
ited appreciable increase in the colour centre con- 
centration, particularly in the F-band (compared to 
e Virgin sample) though there was no shift in the 
^nd peak wavelength. Also the thermoluminesc- 
boce (TL) light output from the crystal increased con- 
erably , the pattern and the glow peak temperatures 
^roaming unaffected The dielectric properties of 



raT^ ’^‘^fisldsof correspondingvalues andlater ir- 

trari^^^^^^^^'^'^^y^’^^^^^creaseinF-centreconcen- 

TL li^t output were much less'*"^. Re- 
y. It has been shown that, if the X-ray irradiation 
aonr^a ^ simultaneously while the dc field is being 

'Veil ^ sample, the F-centre concentration as 
^S^t output appreciably increases^''”', 
fion f f properties of LiF crystals as a func- 

^ “bquency and temperature over moderately 
^ e ranges were studied cuid reported from this la- 


Physics Department, A.P. Residential Degree 
'Potm! 522 439. 

tiian In D thesis submitted by the author to the In- 
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boratory®. LiF was earlier considered as a good mate- 
rial for TL dosimetry^'^h; its optical absorption and TL 
were well studied”"’^. In this note, we report data of 
our investigations on the effect of X-ray irradiations 
on LiF single crystals while they are being subjected to 
a dc field, and their optical absorption and TL charac- 
teristics. 

Experimental details— The LiF crystals used in the 
present study were cleaved from the same chunk and 
had approximate dimensions 1 x 1 x 0.1 cm^. Alu- 
minium foils were attached to the large area faces for 
dc field application. The dc source is a stabilized pow- 
er supply variable between 0 and 2.5 kV. The crystal 
was subjected to a dc field for 1 hr while the X-ray irra- 
diation was done for I hr on either side of the sample. 
It was ensured that the same face of the crystal carried 
the same polarity of the dc field. 

X-ray irradiation (35 kV, 10 mA)of the sample was 
done at room temperature ( ~ 30 C) keeping the sam- 
ples 2 cm from the window of Norelco X-ray unit. 
Optical absorption measurements were carried out 
with a Beckman spectrophotometer model 26 and 
the TL light output was recorded on an Esterline-An- 
eus recorder using a conventional thermolumine^- 
ence set-up'"^. The flow peak temperatures could be 
measured with an accuracy of 4°C. 



Wavelength (niti) 
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Results and discussion~Fig. 1 presents the optical 
absorption of LiF in the wavelength region 200-400 
nm with X-ray irradiation under different dc fields 
along with the absorption of the crystals before irradi- 
ation. (It may be mentioned here that no absorption 
bands were observed in these samples beyond 400 
nm; hence data were presented up to this wavelength 
only.) We observed three absorption bands with 
pej^s at 250, 310 and 380 nm. It is seen from Fig. 1 
that the absorption at the 250 nm increases with dc 
field up to a value of 10.4 kV/cmbeyond -vhich it dec- 
reases; the absorption at 310 and 380 nm goes on in- 
creasing with dc field. 

TheTL curves for samples X-ray irradiated under 
different fields are shown in Fig. 2. The virgin crystal 
exhibits glow peaks at 195, 325 and 352°C. The TL 
light output in the glow peak at 195°C increases with 
field up to 10.4 kV/cm and decreases beyond it. How- 
ever, in the other two glow peaks at 325 and 352'’C, 
the TL light output increases with dc field. 

The absorption band at 250 nm in X-ray irradiated 
LiFis identified as the F-band.Earher, the colour cen- 
tres responsible for bands at 3 10 and 380 nm were re- 
ported " ^ to be the Ri (an F-centre with a negative ion 
vacancy) and R, (an F-centre coupled with a pair of 
vacancies— positive and negative vacancy pair) cen- 
tres respectively. However, recent work shows that 
the centres responsible for such absorption bands as 
these may be aggregate F-centres like Fj centres 
which are composed of three nearest neighbour 
F-centres aligned along < 100 > Yet, other 



Fig. 2—ThcrrnoIumincscence cun es for LiF crj’stals X-ray irradi- 
ated fori hr(atroomtcmpcrature)underdiffcrentdcfields 


reports^®-^^ show that these bands are due to the cen- 
tres associated with Mg ions. But it must be admitted 
here that it is not possible to know, from the present 
measurements, the models of the colour centres re- 
sponsible for the 310 and 380 nm absorption bands. 

LiF crystals, in spite of their good quality, contain 
dislocations. When subjected to the dc field, it is pos- 
sible that vacancies are generated at the defect regions 
due to the interaction between the field and the disloc- 
ations. Earlier measurements onKCl and NaCl crys- 
tals^“^ show that this interaction leads to generation 
of both negative and positive ion vacancies. X-ray ir- 
radiation converts these vacancies, along with the in- 
itially present vacancies in the crystal, into corre- 
sponding colour centres. The absorption bands due 
to V-centres generally lie below 200 nm®; so they 
could not be studied. The present measurements in- 
dicate that the increase in F-centre concentration up 
to a dc field of 10.4 kV/cm is apparently connected 
with the negative ion vacancies produced by the field. 
The present results also seem to indicate that when 
the F-centre concentration reaches a certain value 
corresponding to this dc field (7;f = 7 x 10'^ calcu- 
lated using Smakula’s equation-^), the formation of 
F-aggregate centres is preferred more, thus decreas- 
ing the F-centre concentration beyond that for 10.4 
kV/cm field. 

The X-ray irradiated LiF crystals exhibited TL 
peaks at 195, 325 and 352°C; it was shown” from 
partial thermal bleaching experiments that, in these 
crystals, it was the F-band which was destroyed when 
the X-ray irradiated LiF crystals were heated to about 
200°C. Also we notice that larger the concentration of 
F-centres destroyed, more is the TL light output. 
Thus the TL peak at 195°C seems to be connected 
mainly with the destruction of F-centres. It is interest- 
ing to correlate the two observations: (i) that the 
F-centre concentration decreases in X-ray irradiated 
LiF crystals under fields larger than 10.4 kV/cm and 
(ii) that the TL light output in the 1 9 5°C TL peak also 
decreases at these fields. The correlation supports the 
above mentioned conclusion. The destruction of 
F-aggregate centres seems to be responsible for the 
TL peaks at 325 and 352°C. 

The study reported in this note has been carried out 
on LiF crystals from different sources (laboratory 
grown as well as commercially available), and the be- 
haviour is found to be reproducible. 

Further study is in progress now, on different 
aspects of colour centre phenomena, and dielectric 
measurements on these crystals arebeing carried out. 

It is expected that data collected will throw more light 
on the namre of defects, the mechanisms of their for- 
mation, etc. in these crystals when subjected to differ- 
ent treatments. 
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NOTES 
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study. 
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Wide-line PMR investigation of solid p-hydroxybenzoic acid 
has been made in the temperature range 77-390K at 7.5 MHz. An- 
alysis of the second moment values suggests a rigid and non-rotat- 
ing state of crystal lattice at 77K. Some protonic oscillations erdst 
up to 265K. Abrupt change of proton second moment at 310K is 
considered to be suggestive of hindered reorientation of OH and 
COOH groups. 

The present PMR study of p-hydroxybenzoic acid, a 
compound of biological importance*-^, has been carri- 
ed out in an effort to probe the nature of the crystal lat- 
tice at different temperatures, search for the existence 
of group mobility in solid phase and finally to ascertain 
the molecular structure. 

In the absence of any precise data regarding the po- 
sition of the hydrogen atom coordinates of p- 
hydroxybenzoic acid, a model of the molecule was 
made assuming the standard values of the bond dis- 
tances and angles. The assumed structure is shown in 
Fig. 1. 

The ring group was assumed asymmetrical with 
bond distance C — C=1.361 A and 1 .440 A alternat- 
ively, and C — H equal to 1 .09 A. The C — C bond con- 
necting the COOH group was assumed to be 1.502 A 
with C = 0=1.20A, C-0 = 1.379A, 

O — H = 0.944 A. The C — O bond connecting the 
-OH group was assumed to be 1.379 A and 
ZCOH= 105.04°. 

The spectra were recorded at ±e Tata Institute of 
Fundamental Research, Bombay, using Varians var- 
iable frequency spectrometer*. Flow of heated or 
cooled nitrogen gas over the sample was regulated for 



Fig. 1 — Molecularmodelofp-hydroxybenzoicadd 


effecting temperature variations and a V-4340 var- 
iable temperature probe was used for controlling tem- 
perature. Thermocouples were used for temperature 
monitoring. 

Second moment calculations— Th& PMR deriva- 
tive tracings were recorded at the resonance frequen- 
cy of 7.5 MHz. The values of experimental second 
moments were calculated using the trapezium 
rule and applying a correction for finite modulation 
broadening"*. The experimental value of $2 of p- 
hydroxybenzoic acid at 77 K was foimd to be 
18.40 ±1.0 G2 

Calculated rigid lattice value of Sj of the polycrys- 
taUine sample consists of two parts: (i) the intramolec- 
ular contribution and (ii) the intermolecular contribu- 
tion. The intramolecular contribution ( i'l ) to the value 
of S 2 due to the interaction of the protons of the same 
molecule was calculated applying Van Vleck’s^ for- 
mula and using Bearden and Watt’s® values of physical 
constants. The formula is of the form: 


5 ,= 


715 . 9 -^ -6 /-.2 


...{!) 


where Vis the number of magnetic nuclei over which 
the sum is taken and the distance between the yth 
and /ah nuclei. Value of Si calculated in the present 
case using the values of atomic coordinates is 
13.51 G^, while the intermolecular contribution has 
been calculated to be 6.1 G^ employing Andrew and 
Eades’ method. The value seems to be reasonable as 
compared to 6.8 G^, the corresponding value for sub- 
stituted benzoic acids calculated by Agarwal and 
Gupta®. Thus the calculated value of proton second 
moment (^ 2 ) comes out to be 13.51 G^ -t- 
6.1 G2= 19.61 


Results and Discussion— The variation of S 2 for this 
compound with temperature is shown in Fig. 2. A fair 
agreement between the mean experimental value 
( 18.40 ±1.0 G^) at 77 K and the theoretical rigid lat- 
tice second moment (19.61 G^) exists. This suggests 
that the lattice is rigid and non-rotating at 7 7K. The Sj 
data are thus consistent with our assumed model of p- 
hydroxybenzoic acid. Since there is no molecular mo- 
tion at low temperature, the applied steady magnetic 
field is greatly modified by the local magnetic field of 
surrounding nuclei; consequently, resonance line is 
broad and the line width is maximum. This broaden- 
ing remains roughly constant up to 15 5K showing that 
there is no appreciable motion up to this temperature 
(Fig. 2). 
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Fig. 2 Variation of second moment with temperature 


The value' of 52 gradually decreases up to 26 5K, 
which may be due to the torsional oscillations of the 
hydroxy and carboxylic proton. 

The abrupt fall in S 2 value above 26 5K suggests the 
onset of intramolecular motion. The possibility of mo- 
lecular rotation as a whole may safely beruled out con- 
sidering the large size, the nature of the substituent, 
symmetry and intramolecular hydrogen bonding®'** 
of the molecule. The possibilities that present them- 
^Ives for further investigation are the rotation of the 
OH and the COOH groups and their influence on 
^ch other. The two substituent groups OH and 
OOH being in para position with respect to each 
other, do not interact as strongly as they do in ortho or 
^^^^^*^*^POunds, but still the hindrance is being of- 
ered by inter- and intragroup bonding. 

The reduction in the value of Si brought about by 
group rotation can be calculated according to the the- 
ory of Gutowsky and Pake*^. The reduction in 5i due 
o reorientation of the OH group about the C — O axis 
Was calculated to be 5 .01 while that due to the rota- 

on of COOH group about C-Cbond was 5.37 G*'. 
inerefore, the rotation of both OH and COOH 
groups reduces the value of 5, by 10.38 G^. Thus the 
value of 5^ becomes 3.13 G^. 

The estimation of the intermolecular contribution 
can be made by making use of reduction factors. 

^ a range of reduction factors (0.65- 

stationary-rotating interactions and another 
\ -42-0.25) for rotating-rotating interactions. If we 
consider both the OH and COOH to be freely rotat- 
ing, then using the reduction factors, the intermolecu- 
ar conrtibution is found to be in the range 2.56- 
.52 G^. Thus, the total reduced value of S 2 lies in the 
mge 5.69-4.65 G^, which is too low (even lower than 
uie rrunimum observed 52 ) and, as such, rules out the 
possibUity of free and simultaneous rotation of the 
groups. If the OH group is taken to be stationary and 


the COOH group to be rotating, the changed value of 
5i is 8.14 G^. The intermolecular contribution is 
fo-und using the reduction factor for stationary-rotat- 
ing interactions. The contribution is found to be in the 
range 3.97-3.05 G^. The reduced 52 is thus found to 
be in the range 12.11-11.19 &. Similarly value of ^ 
assuming the OH group to be rotating and the COOH 
group to be stationary, is found to be 12.47-11.5 G\ 
Both these values of 52 (with OH group rotating and 
COOH group stationary or vice-versa) compare fa- 
vourably, within the limits of experimental error, with 
the observed value 11.86 G^ at 310K and hence we 
conclude that both the groups are rotating simultane- 
ously but their rotations are hindered due to the hy- 
drogen bonding between the two groups*'*. The de- 
duction regarding hindered reorientation of OH and 
COOH groups i? also supported by the studies of Leh- 
man et and Saxena et 
The activation energy for the observed transition 
region was calculated using modified BPP equation 
(Ref. 17)anditsvaluecomesoutto be 13.03 kcal/mol. 
The energy barrier to hindered motion in solids has 
been calculated by an approximate method given by 
Waugh and Fedin*® according to which: 

£=37 7e(cal/mol) ...(2) 

where 2^ is the transition temperature. Value of E cal- 
culated to be 11.47 kcal/mol at 7^ = 310K using Eq 
(2) is in reasonable agreement with the value calculat- 
ed according to the BPP theory. 

The authors express their gratitude to Prof. R Vi- 
jayaraghavan (Tata Institute of Fundamental Re- 
search, Bombay) for the experimental facilities pro- 
vided. Thanks are also extended to Prof. K C Lai for 
encouragement and interest. The authors are thankful 
to the Univeristy Grants Commission, New Delhi, for 
financial assistance. 
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